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ABSTRACT

Caskey, Stephen L. M.S.M.E., Purdue University, December 2013. Cold Climate Field
Test Analysis of an Air-Source Heat Pump with Two-Stage Compression and
Economizing. Major Professor: Dr. Eckhard A. Groll, School of Mechanical Engineering.

A Department of Defense project was established to conduct a field
demonstration led by Purdue University with several industry partners. The technology
investigated was an air-source, two-stage heat pump with closed-loop economizing. The
field demonstration site was a military barracks on a National Guard base, Camp
Atterbury, in southern Indiana. Two heat pumps were built at the Ray W. Herrick
Laboratories and installed into two almost identical, barracks buildings. Data on the heat
pump operation and building conditions were to be collected over an entire heating
season. Due to complications with the system, the amount of runtime data collected from
both systems amounted to about 400 hours combined. The heat pump operation was
compared against the operation of an existing natural gas furnace by evaluating; the
primary energy consumption, operating costs, CO2 emissions, building thermal comfort,
and heat pump, installation and maintenance. The heat pump was able to achieve a 19%
reduction in primary energy consumption and CO2 emissions while the operating costs
were break even when using residential utility costs of Indiana. With the utility rates of
Camp Atterbury, the heat pump had a 44% higher operating cost than the furnace.

xvi
A building simulation coupled with an EES model of the heat pump was created
in TRNSYS. The simulation enabled the forecast of a seasonal heating performance of
the heat pump while operating at the conditions of the field demonstration. The initial
results of the simulation predict a seasonal heating COP of 3.75 which corresponds to a
seasonal heating performance of 12.8 BTU/W-hr. Due to a lack of data capturing an
entire heating season, the building simulation was updated with the collected
experimental data. The internal EES model was adjusted to match the recorded heating
capacity and COP of both heat pumps to provide a performance prediction in line with
observations in the field. The updated building simulation predicted a seasonal heating
COP of 2.25, and the seasonal heating performance to be 7.7 BTU/W-hr with the
experimental data. Several recommendations are provided to improve the performance of
the heat pump in the attempt of reaching the initial predicted performance.
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CHAPTER 1. INTRODUCTION

1.1

Introduction

The global consumption of fossil fuels has been growing due to an expanding
population but also due to the industrialization of third-world countries. The demand for
additional fossil fuels puts a strain on current supplies and presents a challenge from the
limited amount of known reserves available. The rising cost of fossil fuels for
industrialized nations creates the necessity for research on approaches to reduce or even
eliminate this growth. One area with great opportunity is the energy consumption of
buildings in the United States. Numerous sources of consumption exist for all buildings,
but one in particular is investigated; the heating, ventilation, and air-conditioning, HVAC,
system supplying conditioned air to the building.
For heating, a majority of HVAC systems utilize combustion of fossil fuels to
maintain the space conditions; while in moderate climates of the United States, heat
pumps powered by electricity are utilized. In climates with more extreme winter
temperatures, below 0°C (32°F), heat pumps using the ambient air as the heat source
have reduced capacities and require inefficient electric resistors as back-ups. As a result,
these colder climates rely heavily on combustion based heating sources. Air-source heat
pumps that are designed specifically for cold climates can operate efficiently at the
extreme temperatures while satisfying the building load.
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A previous research project, Bertsch et al. 2008, investigated the use of two-stage
compression with economizing cycle for an air-source heat pump as a cold climate heat
pump. The system was tested in a laboratory with ambient temperatures as low as -30°C
(-22°F) and had second law efficiencies up to 45%. United States Department of Defense,
DoD, mandates for reducing energy consumption of military installations has presented
an opportunity to demonstrate this technology’s ability to help reach these reductions.
Conducting a field test of a two-stage compression air-source heat pump with
economizing will move the technology closer to commercialization and potential
deployment for the DoD.
1.2

Background and Motivation

World energy consumption is projected to increase by 53% from 505 quadrillion
BTU in 2008 to 770 quadrillion BTU in 2035 (Conti et al. 2011). Organization for
Economic Co-operation and Development, OECD, member countries are projected to
increase by only 18% compared to non-member countries are projected to increase by 85%
over this time span. Due to the increase in demand from OECD non-member countries, it
is expected energy prices will continue to increase from 2008 levels in spite of new
developments in extraction methods such as fracking or unconventional reserves such as
oil tar sands. For the United States current forecasts project the increase of energy prices
(in 2011 dollars); Brent spot oil from $111 per barrel in 2011 to $163 per barrel in 2040
(or about $269 per barrel in nominal dollars), Henry Hub spot natural gas below $4 per
million BTU through 2018 to $7.83 per million BTU in 2040, and minemouth price of
coal from $2.04 per million BTU in 2011 to $3.08 per million BTU in 2040 (U.S. EIA
AEO 2013). In percentages, the increase in cost of energy is 47% for oil, roughly 90% for
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natural gas, and 51% for coal. With increases in consumption and costs of this magnitude,
the urgency for reductions in U.S. energy consumption becomes evident.
The buildings sector in the United States accounted for about 41% of the total U.S.
primary energy consumption, 97.8 Quads, in 2010 making it the sector accounting for the
largest consumption. The Energy Information Administration projects this will increase
by 17% by 2035. The largest site energy consumption by end use of U.S. buildings is
space heating at 37% or roughly 9 Quads (U.S. DOE Buildings Energy Databook 2011).
6.3 Quads or 70% of space heating is from fossil fuels leaving a large potential for
alterative heating methods employing electricity. The importance of offsetting the
consumption of fossil fuels on-site with electricity is an opportunity to utilize renewable
sources for power generation is enabled. Heat pumps are efficient technologies that
employ electricity to achieve space heating where the heat output is a multiplier of the
power consumption. Electrical resistors are an example of an inefficient heating method
that at best can achieve a one-to-one ratio of electrical input to heat output. Heat pumps
specifically designed for cold climates were one of 15 technologies selected for the
refined study of the reduction of primary energy consumption of HVAC systems in
commercial buildings (Roth et. al 2002). Business case analyses conducted by Oak Ridge
National Laboratory predict a cumulative energy savings potential of 0.5 Quads from
2015 to 2013 for a cold climate heat pump assuming a 25% penetration rate when
compared to conventional electric heat pump and electric resistance units (U.S. DOE
BTO Emerging Technologies 2012).
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Two types of heat pumps exist, air-source and ground-source. Air-source units
employ an outdoor unit that extracts heat from the ambient air while ground-source units
have a piping loop buried into the ground to extract heat from. Due to the higher
installation costs of a ground loop, air-source heat pumps have lower initial costs and
hence are more attractive. Challenges exist for air-source heat pumps at low ambient
temperatures, below 0°C (32°F). As the outdoor door temperature decreases, air-source
heat pumps experience a decrease in capacity or heat output that coincides with higher
heating demands of the building. To satisfy the heating deficiency, back-up heat from
electric resistors is employed but results in a reduction in overall system efficiency. Heat
pump efficiency is measured by a COP, coefficient of performance, factor by calculating
the ratio of heat output to electrical input. During warmer ambient temperatures, around
7°C (45°F), heat pumps usually have COPs in the range of 3 but with cold ambient
temperatures the COP can drop off below 2. Electric resistors at best have COPs of 1.
When the electric back-up heat is energized during these cold ambient temperatures, a
heat pump COP less than 2 is averaged with an electric resistor COP of 1 resulting in
system COPs slightly larger than 1. The extreme temperatures eliminate the benefit of
heat pumps generating 2-3 times the amount of heat compared to the electricity
consumed. A heat pump designed for cold climates has larger capacities or the ability to
increase its capacity at cold ambient temperatures. With a sufficient heat output, the
necessity for operating back-up heat is reduced to occasional, extreme outdoor conditions.
Furthermore since the system is designed for low ambient conditions, the COP is higher
than a typical air-source heat pump without needing to consider the influence of back-up
heat on the COP.
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1.3

U.S. Department of Defense

In fiscal year 2007, buildings accounted for 24% of the total United States
Department of Defense, DoD, energy consumption (U.S. DoD WSTIAC 2009). Several
mandates calling for the improvement on the efficiency of federal buildings are affecting
the current and future stock of DoD buildings. The use of heat pumps designed for cold
climates is a promising approach to improve the HVAC efficiencies of DoD buildings to
aid compliance with these mandates.
Executive Order 13514, “Federal Leadership in Environmental, Energy, and
Economic Performance” was signed by President Obama in October of 2009. The goals
are to create a clean energy economy that the Federal Government will lead by example.
One significant goal is mandatory energy reductions to reach net-zero-energy buildings
by 2030 (EO 13514).
The Energy Independence and Security Act of 2007 has a section 315, “Improved
Energy Efficiency for Appliances and Buildings in Cold Climates” specifically
addressing advancements for cold climates. One requirement of the act is the reduction of
fossil fuels in new or renovated buildings, 55% by 2010 then 100% by 2030 (EISA 2007).
In May of 2006, the Secretary of Defense commissioned an Energy Security Task Force,
ESTF, to develop a roadmap to reduce the fossil fuels requirement for the DoD. The
importance of energy to the DoD has been designated as one of the Department’s Top 25
Transformational Priorities (U.S. DoD WSTIAC 2009). The DoD has shown a
commitment to decrease its use of fossil fuels and energy consumption in general to
comply with Federal mandates.
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A heat pump designed for cold climates has the ability to replace fossil fuel heating
methods with an efficient, electricity based system. The energy reductions can grow even
larger when the electricity is produced from renewable energy sources.
1.4

Literature Review

A review of current literature was performed to identify different heat pump
technologies that can achieve sufficient heating capacities and desirable efficiencies
while operating at low outdoor temperatures. An overview comparing different
approaches is shown to highlight the available heat pump technologies. Two are selected
to report the various simulation and experimental results covering their capacities and
performance. Field results are shown for a final selection to note the process made
developing the technology. Ultimately the goal of the literature review is to identify a
heat pump technology that has been well proven through simulation and laboratory
testing, but still needs further investigation during actual use.
1.4.1

Overview of Low Outdoor Temperature Air-Source Heat Pumps

A conference paper by Bertsch et al. 2006 investigated in detail three heat pump
technologies for use in northern climates. The author first identified four problem areas of
air-source heat pumps when operating at low outdoor temperatures. The first issue is a
lack of heating capacity due to lower refrigerant flow rates when the heating load is the
largest. The second issue is the discharge temperature of the compressor reaches high
levels and requires shut-down to prevent overheating the compressor. These high
temperatures are due to low suction pressures and a high pressure ratio of the compressor.
The third issue is the heat pump COP decreases quickly for high pressure ratios that are
seen during low outdoor temperatures. The last main problem is sizing the heat pump
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capacity for low outdoor temperatures leads to oversizing during moderate outdoor
temperatures and results in frequent cycling. Six different heat pump technologies are
identified that offer the ability to solve some of these issues. Table 1-1 from the paper
provides a side by side comparison between the six different technologies and a
conventional heat pump using number of heating modes, efficiency, heat output and
discharge temperature. The three technologies selected for detailed comparison was the
two-stage using an intercooler, the two-stage using an economizer and the cascade cycle.
Table 1-1: Comparing Different Heat Pump Technologies to a Single-stage Baseline
(Bertsch et al. 2006).

The author notes these technologies were the most feasible concepts for the given
application. It can also be seen from Table 1-1 these three technologies have the highest
relative efficiency and relative heat output with low or acceptable discharge temperatures.
The schematic for each technology is shown in Figure 1-1.
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Figure 1-1: Heat pump schematic - Intercooler (Left) - Economizer (Middle) - Cascade
(Right) (Bertsch et al. 2006).
A model was created for each of the three technologies to simulate the capacity
and performance for comparison. The supply temperature for each was fixed to 50°C
(122 °F). A plot of the COP versus outdoor temperature is shown in Figure 1-2 and is
compared to a second law efficiency of 50%. The intercooler and economizer cycle show
similar performances at temperatures above freezing while the cascade cycle performs
relatively better at colder temperatures. All cycles show COPs above 2 at the low outdoor
temperatures identifying good performance during these extremes.

Figure 1-2: Comparison of the COP for the three technologies with a 50% second law
efficiency (Bertsch et al. 2006).
The heating capacity compared to a linear heating demand of a building is plotted
versus the outdoor temperature for all three technologies. An image of the plot is shown

9
in Figure 1-3. All three cycles have similar capacities at the low ambient temperatures.
The only noticeable difference between the technologies is at the warmer ambient
temperatures for the cascade cycle and this is most likely due to the sizing selected for the
high stage cycle. The author assumed the cascade cycle has an additional outdoor heat
exchanger to allow for the high side cycle to operate without the low side cycle. Overall,
all three cycles are predicted to be able to satisfy the heating load. The conclusion made
from these results and the equipment required is the two-stage with economizing cycle
would be the best choice for an air-source heat pump in northern climates.

Figure 1-3: Comparison of the Heating Capacity for the three technologies (Bertsch et al.
2006).
1.4.2

Vapor Injection Heat Pump

Heat pumps with compressor vapor injection can be classified into two
fundamental configurations. One utilizes a flash tank also known as an open economizer
and the other uses a heat exchanger economizer or closed economizer. Figure 1-4 shows
a schematic of each type of system. The flash tank cycle uses an expansion valve before a
fixed volume tank to separate the liquid and vapor refrigerant at an intermediate pressure.
The saturated vapor is pulled off the top of the tank and enters an injection port on the
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compressor to cool the compression process. The saturated liquid is expanded further to
the evaporation pressure. For the economizing heat exchanger cycle, the subcooled liquid
leaving the condenser is separated into two streams; one is expanded to an intermediate
pressure and heated by subcooling the other refrigerant stream through the heat
exchanger. The heated refrigerant enters the injection port on the compressor to cool the
condensing process. If the phase separation process in the flash tank was perfect and the
superheat entering the injection port of the compressor for economizer heat exchanger
was zero, the ideal cycles of both systems would be thermodynamically identical (Wang
et al. 2009).

Figure 1-4: Schematic of two vapor injection cycles with (a) flash tank (b) economizer
heat exchanger (Abdelaziz et al. 2011).
These systems create a multi-stage compression process within one compressor
by mixing the superheated vapor in the compressor with saturated or a smaller degree of
superheated vapor. By increasing the number of injection ports to continuous injection,
the compression process will follow the refrigerant vapor saturation curve. One model
predicts this continuous injection will improve the system COP between 18% and 51%
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for common air-conditioning and refrigeration applications, where higher temperature lift
cycles benefit most significantly (Mathison et al. 2010).
Experimental results on an 11 kW R410a heat pump with vapor injection showed
about 30% heating capacity improvement with 20% COP gain at the ambient temperature
of -17.8°C (0°F) when compared to a conventional system having the same compressor
displacement volume (Wang et al. 2009). The system capacity for both heating and
cooling compared to the conventional system is shown in Figure 1-5 as a function of the
outdoor temperature. The system capacity increases when vapor injection is used
compared to the conventional system.

Figure 1-5: Flash tank vapor injection cycle compared to conventional heat pump (Wang
et al. 2009).
When comparing the two types of vapor injection cycles, experimental results
have shown the flash tank cycle to have a heating capacity and COP of 10.5% and 4.3%
higher respectively than the economizing heat exchanger cycle (Ma and Zhao 2008). A
literature review of vapor injection cycles conclude the flash tank cycle is more favorable
in terms of the performance improvement and low cost while the economizing heat
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exchanger has the advantage of wider injection operating range (Xu et al. 2011). For R410a there have been some experimental and theoretical investigations of the air-source,
vapor injection heat pump, but additional experimental results are needed to fully
understand the various vapor injection cycles (Roh et al. 2011).
1.4.3

Two-Stage Air-Source Heat Pumps with Economizing

The only difference between a two-stage and vapor injection cycle is two
individual compressors are used with a mixing chamber in between instead of directly
injecting vapor into a compressor chamber of the compressor. By compressing the
refrigerant in stages, a second-law-based thermodynamic analysis shows the increase in
irreversible losses at high-temperature differences can be minimized. A two-stage HFC134a refrigeration system operating at -30°C evaporating and 60°C condensing has a
24% improvement in performance compared to a single-stage system (Zubair et al. 1996).
Analysis on a cascade system highlights the reduction of entropy generation when
compressing in stages. Going from 1 to 2 stages reduced the superheat losses
significantly from 94 kJ/K-hr to 0.106 kJ/K-hr to reach an overall reduction of entropy
generation by 78% (Ratts et al. 2000).
An R-134a two-stage heat pump with both an economizing heat exchanger and a
flash tank was used for heating water from a waste energy source. In spite of the higher
source temperatures used, the experimental results demonstrated the frequency control of
the high-stage compressor to control the intermediate pressure resulted in an ability to
improve the performance by as much as 5.2% under identical heat source conditions
(Kwon et al. 2013).
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A normalized pressure is calculated using the three system pressures to identify
the optimal operating point for fixed heat source temperatures. A plot of three different
source temperatures for COP versus the normalized pressure is shown in Figure 1-6.

Figure 1-6: COP compared against the normalized pressure of two-stage heat pump
(Kwon et al. 2013).
An R-410a two-stage heat pump with an economizing heat exchanger was
experimental tested down to ambient temperatures of -30°C (-22 °F) achieving a heating
capacity and COP of roughly 11 kW and 2.1 respectively (Bertsch et al. 2008). The plots
of the experimental results compared to the simulation of the system heating capacity and
COP are shown in Figure 1-7. The two-stage heat pump is shown to have much larger
heating capacities than a conventional heat pump at low outdoor temperatures. The
system could also be shown to be easily built from off-the-shelf components with little
modifications which identifies the commercialization potential of a two-stage heat pump
with economizing heat exchanger.
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Figure 1-7: Experimental results of two-stage heat pump compared to simulation results
(Bertsch et al. 2008).
1.4.4

Cold Climate Field Test

A field test was performed in a cold climate on commercially available, multicapacity air-source heat pump manufactured by Nyle Special Products (Hadley et al.
2006). The manufacturer claims a heating COP of 2.0 at -23.3°C (-10°F) for the heat
pump. Additional heating COPs at different ambient temperatures are show in compared
to a standard air-source heat pump.
Table 1-2: Manufacturer claimed heating COP compared to a conventional air source
heat pump (Hadley et al. 2006).

The field test monitored five heat pumps over a winter in Oregon and Idaho. Six
months after the installation, one heat pump had a compressor failure that required
replacement. The reason for the failure was never determined. Another complication
occurred where a booster compressor never engaged at another location. The measured
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average heating COP for outdoor temperatures between -23.3°C and -20.5°C (-10°F and 5°F) was 1.2. This was 40% lower than the claimed COP by the manufacturer. The
results for all five heat pumps at different temperature bins are shown in Table 1-3.
Overall the measured COPs are considerably lower than the stated manufacturer COPs.
Table 1-3: Experimental results of the measured heating COP for all 5 locations (Hadley
et al. 2006).

1.4.5

Summary

The simulation and experimental results of several different heat pump cycles
were presented that showed sufficient capacities and performances at low outdoor
temperatures. Vapor injection and two-stage cycles have comparable improvements
compared to conventional single-stage air-source heat pumps for cold climates. The twostage cycle presents an easier commercialization path due to the use of off-the-shelf
components. Additional field testing is required to further validate the technology as
market ready due to complications seen in pervious field testing.
1.5

Objectives

A DoD program, the Energy Security Technology Certification Program or
ESTCP, acts as an environmental technology demonstration and validation program. The
goal of the program is to identify and demonstrate promising technologies that address
the DoD’s environmental requirements. A heat pump designed for cold climates was
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proposed by a Purdue team to be demonstrated in the field at a military installation. A
contract was awarded for a two year project, testing two air-source heat pumps designed
for cold climates, at military base in southern Indiana during an entire heating season.
The heat pump was to be compared to the existing HVAC system, a natural gas furnace,
using 6 performance objectives that are listed in Table 1-4. The objective of the project is
to reach or surpass the success criteria listed for each performance objective.
Table 1-4: ESTCP Project Performance Objectives of the Cold Climate Heat Pump.
Performance
Objective

Metric

Data Requirements

Success Criteria

Quantitative Performance Objectives
1. 1. Reduce
primary energy
for heating
(Energy)
2. 2. Reduce costs
3. (Finances)
4. 3. Reduce
emissions
5. (Environment)

4. Ease of
installation

5. Maintenance

6. Comfort

Therms or KW-hr

Electric and gas use
metered

Reduce primary
energy use by 25%

$

Base rates for
electricity and fuel

10% reduction in
heating costs

Metric ton CO2
equivalent

Conversions for fuels

Reduce CO2
emissions by 15%

Qualitative Performance Objectives
Ability of a
Feedback from the
technician-level
technicians on
individual to install
installation time
the heat pump
Ability of a
Feedback from the
technician-level
technicians on
individual to maintain
maintenance calls
the heat pump
Maintain temperature Indoor temperature
within comfort range readings and survey
of building occupants of occupants

A field technician
team is able to
install the system
A field technician
team is able to
operate the system
80% of occupants
satisfied with
indoor conditions
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1.6

Thesis Outline

The thesis starts with explaining the design procedure of the cold climate heat
pump. This involves the selection of individual components as well as the equipment
necessary to conduct the field demonstration. A heat pump model is developed to aid the
component selection and provide preliminary estimates of the heating capacity. The
selected components are purchased and connected to fabricate the system. The controls
for the operation of the heat pump are designed and tested in a psychrometric chamber.
After verifying the controls, the system is transported to the field demonstration site and
installed with the aid of a HVAC contractor. The data collected from the testing is
presented, and the performance objectives are evaluated. A detail building model is
explained that integrates the results of the heat pump model and the testing results to
produce an estimate of the heating seasonal performance. Experience and knowledge
gained during the project are highlighted to create a series of recommended
improvements.
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CHAPTER 2. DESIGN AND FABRICATION OF TWO-STAGE HEAT PUMP

The design and fabrication process for the two-stage heat pump is presented in
this chapter. A basic building simulation model is used to generate a design point for the
heating capacity of the heat pump. A detailed heat pump simulation model is created to
evaluate different compressor configurations to obtain the design heating capacity.
Additional modeling is performed to select the auxiliary equipment of the two-stage heat
pump. The fabrication process is explained in detail.
2.1

Building Selection

Camp Atterbury was selected as the site for the field demonstration due to its
proximity from Purdue of approximately 100 miles, and the positive support of the onbase personnel for the project. Camp Atterbury is an Army National Guard base located
near Edinburg, Indiana spanning over 33,000 acres that serves as joint maneuver training
center. The base was ideal to test the heat pump since many buildings are of similar size
and construction as well as having a heating dominated climate with temperatures
reaching -23°C (-10°F)
Selecting a building was necessary to determine the required capacity of the heat
pump and to establish the testing design. A standard building that was not custom to
Camp Atterbury was desired to allow for a straightforward comparison to buildings on
other military bases. Also, since two heat pumps were being tested, two buildings were
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needed that had a roughly identical layout and usage type. The building type selected was
an 80 person barracks with a north-south rectangular orientation, totaling roughly 560 m2
(6,000 ft2). The layout was considered to be standard for barracks. Two living quarters
situated on opposite ends with a shared lavatory in the center. Each living quarters had a
dividing wall separating ¾ of the space. A mechanical room located in next to the shared
lavatory housed all the HVAC equipment and on-demand water heaters. Due to the
upgrades that eliminated the storage tanks for hot water, the mechanical room had plenty
of space to house the equipment needed for the field demonstration. A blueprint of the
barracks building is shown in Figure 2-1.

Figure 2-1: Camp Atterbury Barracks Building Blueprint.
2.2

eQUEST Model

A building modeling program developed by the United States Department of
Energy, DOE, titled eQUEST, Quick Energy Simulation Tool, was used to obtain a
design heating load for the heat pump. The eQUEST model allows for a quick calculation
of the building loads by having built-in assumptions for common building materials and
internal load magnitudes and schedules. An exterior view of the building is shown in
Figure 2-2.
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Figure 2-2: Exterior View of Building 113 from North-East Perspective.
2.2.1

Inputs

The raw dimensions of the building are 12.8 m by 44.1 m (42 ft by 144.67 ft) but
only the living quarters of one half of the building are used for the model. The reason is
the building has two HVAC systems conditioning each half. The heat pump was to
replace only one current system, not both HVAC systems. The building walls are made of
8” CMU, concrete masonry unit, blocks with insulation. All windows are single pane,
clear glass. The doors are of metal construction with insulation. The building foundation
is a 4” concrete slab. Three internal load schedules were generated for the lighting,
infiltration, and occupancy by referencing the built-in schedule for hotels. The usage of a
barracks building was assumed to best match the type of usage as a hotel; morning peaks
with little usage until the evening with similar magnitudes as the morning levels.
2.2.2

Model Results

The monthly building loads for both cooling and heating are shown in Figure 2-3.
The maximum heating load is 18.9 kW (64.4 kBTU/hr) at a dry bulb temperature of 20.6°C (-5°F). From the eQUEST results, the design point for the heat pump selected to
be 19 kW (64.8 kBTU/hr) at an ambient temperature of -20°C (-4°F). Using the design
point and setting the heating load to zero at an ambient temperature of 20°C (68°F), a
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linear heat load of the building as a function of the ambient temperature w made. A plot
comparing this linear heating load with the amount of hours below an ambient
temperature is shown in Figure 2-4. The dashed line represents the amount of hours,
while the linear line represents the heating load. The vertical line represents the design
point selected for the heat pump capacity. The weather data to determine the amount of
hours was from TMY3, typical meteorological year 3, for Indiana. By designing the heat
pump capacity to meet the building load at 20°C (-4°F), the need for back-up heat is
greatly reduced.

Figure 2-3: eQUEST Monthly Results for the Cooling and Heating Loads.
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Figure 2-4: Plot of eQUEST Maximum Heating Load and Hours of Outdoor Temperature.
2.3

System Layout

The schematic of a bread board two-stage heat pump with economizing from
Bertsch 2005 was modified to reduce the complexity of the system and increase the
robustness of its operation. The schematic used can be seen in Figure 2-5. Oil and
refrigerant inventory management systems were added per recommendations from
laboratory testing. Isolation values and sight glasses used during the laboratory testing
was eliminated to have a system ready for commercialization. The loop allowing for the
heating of water was also eliminated as the heat pump is to only needed to provide
heating by air. The schematic maintains the use of a “low-stage bypass line” that allows
for compressor 2 to run without the operation of compressor 1. This will be from here on
out known as single-stage mode. Compressor 1 cannot run without compressor 2
operating and when both compressors are running; this is known as two-stage mode.
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Figure 2-5: Schematic of Two-Stage Heat Pump with Economizing.
2.3.1

Oil Management

Bertsch 2005 used one oil separator on compressor 2 that returned oil to the
suction side of compressor 1. When the system was shut-down, valve 2 would be open
that connects the oil sumps of both compressors. This allows for equalization of oil
between compressors. During laboratory testing, Bertsch 2005 observed an increase of oil
in compressor 1 and a decrease of oil in compressor 2 during single-stage mode. The
same trends were observed during two-stage mode as well. Due to these trends, it was
recommended that the compressor 2 oil separator returns oil to the suction port of
compressor 2. This would eliminate a lack of oil in compressor 2 during single-stage
mode. When the system would run in two-stage mode, compressor 1 would slowly be
starved of oil since all oil is returned to compressor 2. To prevent compressor failure,
Bertsch 2005 recommended using the oil equalization line with valve 2. Different
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strategies were discussed as to when valve 2 should be opened. In attempt to reduce the
uncertainty with these approaches, a second oil separator was added to the system. With
two oil separators, each compressor has oil returned to its own suction port. Single-stage
mode would run normally as predicted by Bertsch 2005, and during two-stage mode, oil
equalization between compressors should not be needed as often.
2.3.2 Refrigerant Inventory Management
The introduction of a refrigerant receiver was done to the system per the
recommendation of Bertsch 2005 for automated refrigerant charge control. During
laboratory testing, it was observed the system would behave overcharged at low
temperature operating conditions in spite of being undercharged at high temperature
operating conditions. The refrigerant receiver holds excess charge automatically to ensure
an adequate refrigerant level in the system. A system of check values were designed for
both the inlet and outlet of the receiver to allow bi-directional flow for conditions when
the heat pump needed to operate in cooling mode.
2.3.3

Safety Measures

Due to the novelty of the system, several levels of safety measures were designed
into the system. The first level was software. If the measured discharge pressure or
suction pressure of either compressor reached unsafe levels, a shut-down command was
sent to both compressors. The second and third levels were mechanical. A low pressure
switch, LPS, was located on the outlet of the accumulator. When suction pressures
reached levels below atmospheric, the pressure switch would open a circuit that closes
relays providing power to both compressors, and thus shut them down. High pressure
switches, HPS, were located at the discharge of each compressor. When either discharge
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pressure reaches critical levels, the switch would open the same circuit that closes relays
providing power to both compressors. While the high pressure switches had adjustable
limits, the low pressure switch was fixed. In the case where both software and mechanical
switches failed, blow-off valves, BV, were located at the discharge port of each
compressor. The valves were preset to engage at a certain pressure level and could not be
adjusted.
2.4

EES Model

A software package Engineering Equation Solver, EES, that can solve
simultaneously a system of non-linear equations was employed to create a two-stage, airsource heat pump with economizing model. The modeling procedure and equations
utilized were identical to the procedure described by Bertsch 2005. Some modifications
were made to the original model to eliminate unnecessary components such as the suction
line heat exchanger or use of the secant method to solve the system of equations. Also,
the condenser model was modified to model the heating of air instead of water. The
details of these modifications are also described in further detail in Menzi (2011). The
working fluid used for the model was R-410A. The assumptions for the inputs needed by
the EES model are shown in both metric and English units in Table 2-1. Standard
assumptions are made for the superheat, subcooling, and compressor shell heat losses.
The UA values and air flow rates of the indoor and outdoor heat exchangers are estimated
while keeping the relative differences between the three at reasonable levels. For example,
the outdoor heat exchanger with more space available can have an UA values that is
almost 4 times the UA value for the indoor heat exchanger.
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Table 2-1: EES Two-Stage Heat Pump Model Assumptions.
Tsuperheat

Tsubcooling

Compressor
Heat loss

UAcondenser

UAevaporator

UAeconomizer

Vol. Flow
Rate
Condenser

Vol. Flow
Rate
Evaporator

9 0F
5 0C

10 0F
5.56 0C

5%
5%

2464 Btu/h-F
1.3 kW/K

9478 Btu/h-F
5 kW/K

663.5 Btu/h-F
0.35 kW/K

2060 CFM
3500 m3/h

4709 CFM
8000 m3/h

The EES model is used to test different combinations of high- and low-stage
compressors so the design point for the heat pump is reached. The compressor selection
process is described in Section 2.5. Figure 2-6 shows the heat pump capacity for the
selected compressor configuration versus the outdoor temperature at the different
operating modes. Since the high-stage compressor is variable speed, the single-stage
heating has five curves showing the various capacities for the different speeds.

Figure 2-6: EES Predicted Heat Pump Heating Capacity for All Possible Operating
Modes.
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The EES model also calculates the heating COP of the heat pump for the different
operating modes and outdoor temperatures. Figure 2-7 has a plot of the heat pump,
heating COP for single-stage, and two-stage operation as a function of outdoor
temperature. The number of hours at each outdoor temperature is plotted on a second axis
from the TMY3 weather database. Even at the extreme outdoor temperatures below 10°C (14°F), the heating COP is above 2.

Figure 2-7: EES Predicted Heat Pump Performance and Number of Hours at Each
Outdoor Temperature.
2.5

System Components

The EES heat pump model was used to aid in the selection of most the system
components, but was important in obtaining the proper combination of different
compressor sizes. The high stage compressor is the only compressor used in single-stage
mode, while the low stage compressor is used with the high stage during two-stage mode.
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A compressor with variable capacity was required for the single-stage mode to reduce
cycling of the heat pump, and a fixed-capacity compressor for the low stage to reduce the
complexity of the system controls during two-stage mode. Only scroll compressors were
considered.
An off-the-shelf packaged heat pump was used to provide the indoor and outdoor
heat exchangers with other minor components. Modifications were done to the outdoor
unit to allow for integration with a new expansion valve. Three expansion valves are
needed for a two-stage heat pump with economizing. The selection of these was
straightforward due to the donated equipment from industry partners. In appendix A, a
list of the building materials for the heat pump can be seen.
2.5.1

High Stage Compressor

The high stage compressor was to have variable capacity due to its use during
both single-stage and two-stage mode. The heat pump is then able to match the building
heating load and reduce the amount of cycling when compared to a heat pump with a
fixed-capacity compressor.
Three different types of variable capacity scroll compressors were considered,
two-step modulation, variable speed, and digital. The two-step modulating scroll can run
at full load or 67-percent part load using a pressure differential to shift between modes
(Emerson Brochure 2004). The variable speed scroll can run between RPMs of 1800 to
7000 corresponding to frequencies of 30 Hz to 117 Hz. The digital scroll can have a
capacity range of 10% to 100% of its rated capacity. The capacity modulation is achieved
by time averaging of a loaded state and unloaded state (Wang et al. 2004). A solenoid
valve is located externally to the compressor on pipe that connects the discharge pressure
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with the suction pressure. When the solenoid valve is closed, the compressor is in the
loaded state and operates normally; and when it is opened, the compressor is in an
unloaded state and no has no mass flow through the compressor. The concept of a cycle
time is used to explain how the compressor achieves a 50% capacity. For a 20 second
period, the compressor operates loaded during the first 10 seconds and unloaded for the
last 10 seconds. Therefore, over the 20 second the compressor has an average 50%
capacity.
The two-step modulating scroll was not considered due to the limitation of having
only two different capacities. The decision between a digital or a variable speed scroll
was made due to compatibility issues with an expansion valve selected. The electronic
expansion valve could not handle the fluctuating mass flow rate that is typically seen with
digital scrolls. Therefore, the variable speed technology was selected for the high stage
compressor. Emersion Climate Technologies had two different sizes available for a
variable speed scroll and the larger of the two was selected for the high stage compressor,
ZPV60K1E-1E9.
2.5.2

Low Stage Compressor

Only fixed capacity compressors were considered for the low stage compressor to
eliminate the number of potential combinations of compressor operations when running
the heat pump in two-stage mode. The low stage compressor has on/off control and the
high stage compressor would offer some variance in the overall heat pump capacity by
changing its speed. The EES model was used to test different compressor sizes to reach
the design capacity in two-stage mode. While running the simulation, it was found the
largest compressor available for the residential market could not reach the design point.
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The next compressor size is considered a commercial grade and required three-phase
power. The building selected for the field demonstration only had single-phase power
available, and after checking with Camp Atterbury, three-phase power could not be
routed to that location. The next option was to connect two compressors in tandem that
would operate simultaneously acting as a single compressor. The compressor
manufacturer confirmed this was feasible and different compressor sizes in tandem were
evaluated. The compressor that reached the design point the best was the ZP54K5E-PFV
in tandem having a single displacement of 51.1 cm3/rev (3.12 in3/rev) and a combined
102.2 cm3/rev (6.24 in3/rev).
2.5.3 Packaged Heat Pump Unit
Trane as one of the industry partners donated two off-the-shelf packaged 5 ton
heat pump units, XL-16i. The indoor air handler had a standard tube and fin A-coil with a
thermal expansion valve, TXV, and a variable speed blower. The outdoor heat exchanger
was a spline fin and had an electronic expansion valve, EXV, with a fixed speed fan.
These units also came with an accumulator to protect the compressor and a four-way
valve to allow for cooling.
2.5.4

Expansion Valves

The two-stage heat pump required three expansion valves; one for the
economizing loop, and one each for both heating and cooling modes. The expansion
valve for cooling used the TXV that came installed on the indoor air handler as part of
the Trane packaged heat pump. The EXV on the Trane heat pump was removed from the
outdoor coil and relocated to operate the economizing loop of the cycle. An advanced
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EXV donated by Danfoss called “EcoFlow” was used as the expansion valve for the
heating mode.
2.5.4.1 Danfoss EcoFlow
The EcoFlow EXV combines the refrigerant distributor for multiple circuits with
the expansion process. The valve has individual outlets for each circuit of the outdoor
coil that must be in even increments of 4, 6 or 8. The 6 circuit EcoFlow was selected
since this provided enough capacity needed for heating. By incorporating the distributor
with the expansion process, the valve is able to vary the amount of refrigerant to each
individual circuit. The benefits are any maldistribution that exists from unbalanced
circuits can be compensated, the impact of air-side fouling of the outdoor coil due to
debris can be mitigated, and the engagement of traditional defrost can be reduced to
outdoor temperatures below freezing.
Normally, heat pumps start defrosting when coil temperatures reach below
freezing even though the outdoor temperatures are above. The defrost operation requires
the heat pump to shut down, start back up in cooling, and energize the electric back-up
heat to prevent cooling the building when heating is needed. Defrost operation is
inefficient due to shutting the system down and the operation of electric heat. The
EcoFlow can perform a silent defrost operation when the outdoor temperatures are above
freezing by closing off one circuit for a period of time. Since no refrigerant is in the
closed circuit, the outdoor air is warm enough to be able to melt the ice buildup and
defrost the circuit. The EcoFlow alternates between circuits, continuously defrosting until
the coil temperature is above freezing or the outdoor temperature is below freezing.
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The EcoFlow uses only one superheat sensor to determine the superheat of each
circuit when varying the flow rate to all circuits. The sensor uses a relative pressure and
temperature measurement that requires calibration to identify saturation conditions.
2.5.5

Oil Management Equipment

Each compressor had its own oil separator and oil filter that would separate out
the refrigerant oil leaving each compressor. The separated oil was filtered to remove any
particulates and returned to the suction port of the compressor by mixing with the
entering refrigerant stream.
2.5.5.1 Oil Separator
The oil separators for each compressor were sized to match the individual
discharge cubic feet per minute rate. The EES results from the heat pump model were
used to obtain the refrigerant mass flow rates for each compressor during single-stage and
two-stage mode. Larger flow rates were found for the low stage compressor and thus
required a larger oil separator. A Henry helical oil separator model number S-5187 was
selected for the low stage compressor with a nominal discharge CFM of 6.00. The same
brand and type but model number S-5185 with a nominal discharge CFM of 4.00 was
selected for the high stage compressor. Both oil separators required 14 ounces of
refrigerant oil to be pre-charged before installation. This ensured the float valve inside the
separator would be engaged during the initial collection of oil. Otherwise as the first
amounts of oil are separated, no oil is returned to the compressor until the internal
reservoir is filled.
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2.5.5.2 Oil Filter
A Sporlan OF oil filter was selected for each oil separator since the refrigerant oil
used is polyester (POE). The model number is OF-303-BP that comes with a bypass
feature. If the filter becomes plugged and a 207 kPa (30 psi) pressure differential exists
across the filter, the bypass is engaged. These filters could be installed in a horizontal or
vertical position.
2.5.6

Economizer

The EES heat pump model was used to generate the required capacity of a flat
plate heat exchanger to serve as the system economizer. The model showed a maximum
capacity of about 13.6 kBTU/hr (4 kW) is needed when the heat pump is in two-stage
mode at the design outdoor temperature. The operating parameters at this condition were
entered into the GEA FlatPlateSELECT online software to provide a recommended heat
exchanger. The CH2-XP heat exchanger was selected had a cooling rate of 15.2 kBTU/hr
(4.5 kW) and was rated for the larger pressures of the refrigerant used.
2.5.7

Accumulator

The accumulator installed on the Trane packaged heat pump was undersized for
the amount of charge required. During discussions it was recommended the accumulator
have a holding volume of 60-70% of the total system charge. The accumulator selected
was a Refrigeration Research vertical accumulator, model number 3706, rated holding
capacity of about 7 kg (15.6 lbs) of R-410a that allows up to 11.8 kg (26 lbs) of total
system charge.
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2.5.8

Refrigerant Receiver

The heat pump operates over a large capacity range between heating and cooling.
To handle the excess charge during extreme conditions, a refrigerant receiver was
installed on the heat pump. Due to the uncertainty in calculating the difference between
the maximum and minimum system charge, a receiver with a moderate charge was
selected, 2 kg (4.4 lbs), from Standard refrigeration, model number L-413C.
2.6

Fabrication

A steel frame mounted on caster wheels was constructed to house all the heat
pump components outside the two indoor and outdoor heat exchangers. A 3-D model of
the heat pump system by Kultgen 2013 determined the best placement of all the
components. Assistance with the physical connections was provided by the Herrick
Laboratory shop. The outdoor heat exchanger from the Trane packaged heat pump was
modified to install the Danfoss EcoFlow expansion valve. Further modifications were
done remove all the internal components of the off-the-shelf outdoor unit.
2.6.1

Compressor Housing

A 3-D model was generated after obtaining the rough dimensions of all the major
system components. Piping and the location of components were adjusted to allow for an
easy replacement of either compressor, also all four piping connections to either indoor or
outdoor heat exchanger were grouped together. A removable top was built for the
compressor housing to be able to prevent any tampering while the systems were in the
field. Two images of the 3-D model are shown in Figure 2-8 and Figure 2-9.
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Figure 2-8: 3-D Heat Pump Model Iso-View (Kultgen 2013).

Figure 2-9: 3-D Heat Pump Model Top-View (Kultgen 2013).
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During fabrication, vibration absorbers were added to the suction and discharge
lines of each compressor as well as a couple other minor changes. The final design of the
compressor housing is shown in Figure 2-10 and Figure 2-11. In Figure 2-11 the empty
space seen in the bottom right of the image is where the variable frequency inverter for
the high-stage compressor was located.

Figure 2-10: Completed Fabrication Compressor Housing - Iso-View.
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Figure 2-11: Completed Fabrication Compressor Housing - Side-View.
2.6.2

Two-Phase Separator

The number of circuits on the outdoor coil from the Trane packaged heat pump
was an odd number, 7. When installing the EcoFlow expansion valve this created a
problem due to the number of outlets on the valve was only 6. Either one of the circuits
on the outdoor coil would be eliminated or two would be combined. Combining the
circuits was done to use as much of the coil as possible to keep a high coil surface area.
Due to the expansion process occurring before entering the combined circuit, separating
two-phase refrigerant was required. A journal paper using CFD analysis investigated
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different refrigerant distributors to achieve uniform separation in both refrigerant mass
flow and quality (Li et al. 2005). The design with the best separation results was selected
and constructed in house. Two circuits with the same length were selected to be
connected to the separator. Images showing the before and after of the outdoor coil can
be seen in Figure 2-12. The two-phase separator is located in the top center of the right
image.

Figure 2-12: Before (left) and After (right) Outdoor Coil Modification.
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CHAPTER 3. HEAT PUMP SYSTEM CONTROLS

A standard HVAC controller was needed and an Automated Logic Corporation,
ALC, Controller was selected as the main control platform. One main benefit of the ALC
controller was the ability to have online access to monitor the system remotely. Three
components had built in controllers that were integrated with the main system controller;
the packaged heat pump, EcoFlow expansion valve, and the variable speed compressor.
Due to the novelty of the heat pump, the control program for the entire system had to be
developed from the ground up that could control the system automatously. The decisions
for determining when to engage heating or cooling, the operating compressor speed,
when traditional defrost and oil equalization is needed all had to be estimated before any
testing could occur. Before installing the unit into the field, basic testing of the newly
developed control program was done. The fabricated heat pump was installed in the
psychrometric chambers at the Ray W. Herrick Laboratories to simulate outdoor
conditions that would trigger different responses from the control program. Testing the
controls before installing the system in the field prevented any major debugging of the
program.
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3.1

Variable Speed Compressor

The variable speed compressor came with an external driver that would control
the speed of the compressor and read in two temperature sensors. The external driver
used the MODBUS communication protocol to accept commands and return numerous
points on the operation conditions of the compressor. To run the compressor, an enable
command was sent after which a speed command was sent specifying the desired speed
of the compressor. At any point during its operation, if a major alarm or several minor
alarms were signaled, the compressor would shut down, reporting the alarm that was
triggered. The alarms had to be cleared before the compressor could start-up again after
verifying the problem was fixed. The driver monitored a large number of points and as a
result had alarms established for most of them. Details of the power consumption, voltage
and amperage levels, the temperatures of the scroll or motor, and even the torque were all
monitored by the driver. A separate program was created to handle all the various alarms
to ensure if an alarm was in fact tripped, the heat pump controller would record and
report which alarm occurred.
3.2

EcoFlow

The EcoFlow electronic expansion valve came with a separate control board that
was mounted directly onto the valve. Similar to the driver of the variable speed
compressor, the EcoFlow required MODBUS communication protocol to activate the
valve or modify the superheat setting. When the valve was first powered on, the
superheat sensor employed required a calibration procedure. This was due to the sensor
using a relative pressure and temperature reading. Once the superheat sensor was
calibrated, the valve would step into a second calibration. The distribution of refrigerant
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to each circuit was tested to obtain an optimal level of superheat for each circuit. The
superheat sensor and refrigerant distribution could be recalibrated as determined by the
valve. This could occur once or twice during one operation cycle. The recalibration is
needed to account for any large external changes such as fouling on the heat exchanger
fins or fluctuations in the outdoor temperatures. Once all the calibration steps were
finished, the valve would function as a normal electronic expansion valve and control the
superheat leaving the evaporator. Complications were encountered with the calibration of
the superheat sensor and a manual procedure was used instead of the automated approach.
The valve required a main switch to be enabled before the expansion process would start.
If the capacity of the system were to increase or decrease, a valve input would be updated
that captures the percentage the system is operating at; 100% corresponds to the
maximum capacity. Providing the valve with any changes in the system capacity allowed
the valve to have a quicker response to prevent large changes in the level of superheat. A
separate control program was developed to handle the large number of entries that could
be read from the valve. In addition, the controls for the silent defrost operation of the
EcoFlow valve were located in this separate program.
3.3

Automated Logic Corporation Controller

The ALC controller used is a BACnet, Building Automation and Control Network,
controller with the main control module having a fixed number of inputs and outputs. For
increased capacity, the main module allows for connections with expanders having
additional input and output ports. An image of the ALC controller used for the field
demonstration is shown in Figure 3-1. The main module is under the first expander
located in the upper left side of the image and the second expander is below both units.
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The right side of the image shows the terminal strip that connects the ALC inputs and
output with the hardware or sensors of the system. Below the terminal strip are ice cube
relays that control 24 VAC supply to motor contactors or hardware directly such as
solenoid valves.
WebCTRL is a browser-based building automation system that is integrated with
the ALC controller. This platform allows for an internet connection to be made using
Internet Explorer to view the execution of the program in real time. EIKON is the
programming tool used by the WebCTRL platform to develop the logic and sequence of
operations of the control program. EIKON is coded using a graphical method and is
similar to LabVIEW in having prebuilt function blocks connected together with the
inputs and outputs via a virtual wire. All programs described in the following sections
can be seen in Appendix B.

Figure 3-1: Automated Logic Corporation Controller Set-Up for Field Demonstration.
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3.3.1

Automatic Mode

Before any actions were performed by the controller, the system needed to be set
into the automated mode. This mode ensured the back-up system was taken off-line and
the heat pump was in a position to provide the main heating source for the space. If no
alarms were tripped after the last shut-down, the automatic mode would allow the system
to be enabled for heating.
3.3.2

Enable Heating

A reverse acting PI, proportional integrator, controller was used to determine the
heating percentage required by comparing the set point to the indoor temperature sensor.
The individual gains were manually adjusted until a reasonable response was obtained
that engaged heating in a short amount of time but would not increase the system
capacity too fast. Before the heating percentage was sent to enable the heating operation,
the conditions for heating were verified first. A manual switch in the program had to be
set to on and the measured outdoor temperature needed to be below 20°C (68°F). Both
these conditions prevented the system operating if a manual shut-down was engaged and
if the outdoor conditions were warm enough to dictate the building should not need
heating.
3.3.3

Engage Compressors

Once the PID percentage was larger than 2%, heating was activated and the
system was ready to engage the compressor. The high stage compressor was powered to
operate in single stage mode, but the program first required that all component controls,
such as fans, and the 4-way valve, were in the proper position. The requirements to
activate the respective operation were different for defrost, oil return, cooling and heating
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modes. For the heating mode, both fans needed to be powered, the four-way valve had to
be off, and the system should not be going into defrost or oil equalization. Once these
conditions were met, the compressor speed was set off the PI percentage from the room
conditions. A linear scale was assumed to convert a heating percent between 0% to 90%,
to reach a speed command scaled to the range between 1800 RPM and 7000 RPM.
To engage the low stage compressor, the controller would need to call for twostage heating. If the pressure ratio across the high stage compressor reaches a level higher
than 4, then two-stage operation is enabled. The compressor speed is reduced to a
switching speed of 3600 RPM and the tandem compressor is powered up. The speed
control of the high stage compressor during two-stage mode uses two PID controllers
where one is reverse acting and the other is forward acting. The overall goal of the PID
controllers is to keep the pressure ratios across each compressor equal. For example, if
the ratio across the low stage is too high, the intermediate pressure needs to be reduced
and the compressor speed is increased.
3.3.4

Electric Reheat

The bay of electric resistors that serves as back-up heating or as the heat source
during defrost is controlled by a silicon-controlled rectifier, SCR, controller. The SCR
takes a 4-20 mA signal and converts the voltage output by a percentage assuming a linear
scale where 0% corresponds to a 4 mA signal and 100% corresponds to a 20 mA signal.
If the heating percentage reaches 100%, then 100% of the electric reheat is engaged due
to the capacity required by the building. A heating percentage of 100% is also used for
defrost and oil equalization mode. Additional verifications are required before the electric
reheat is energized.
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3.3.5

Defrost

Traditional defrost of the outdoor coil is done by shutting the system down, and
starting back up in cooling mode to melt the ice build-up. Defrost is engaged when the
difference between the outdoor temperature and the evaporation temperature is above
19.4°C (35°F). The heat pump has to be in heating mode with the high stage compressor
in operation and an outdoor temperature colder than 10°C (50°F) before this difference is
evaluated. After defrost is engaged, the system runs in cooling mode until the outdoor
coil temperature reaches a specified level that depends on the outdoor temperature. The
conditions for termination were copied from the defrost logic described by Trane for the
packaged heat pump used. It was assumed that the manufacturer has thoroughly tested the
defrost termination conditions for the specific coil.
3.3.6

Oil Management

Two levels of oil management were designed into the control program. The first is
an oil return strategy during single-stage heating and oil equalization between
compressors after two-stage operation. For oil return, the compressor speed is increased
to 5000 RPM for a set period of time. The increase in refrigerant velocity allows for oil to
be returned to the compressor by capturing oil trapped in parts of the system from low
refrigerant velocities. The second level of oil management is engaged after 5 hours of
two-stage operation. The amount of time is larger than previously recommended for twostage heat pumps because this system has two oil separators while the previous system
utilized only one. It is expected the imbalance of oil level between compressors will take
a longer period of time due to the extra oil separator. When oil equalization is engaged,
the heat pump is shut down and a bypasses solenoid valve is opened to equalize the low
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and intermediate pressures. By doing this, the oil sumps can be connected right away by
opening a second solenoid valve to equalize the oil levels. Without equalizing the
pressures, the second valve cannot be opened immediately because the pressure
imbalance between the compressor shells will result in pressure driven oil flow that
cannot be controlled.
3.3.7

Safeties

Several safety checks were established in the program to protect the heat pump as
well as to prevent critical temperatures in the zone. The major alarms were pressure, zone
temperatures, compressor sump and superheat temperatures, discharge air temperature
and any fan failures. Alarm states were also read in from the variable speed controller and
the EcoFlow controller. If any of these alarms were activated, the system went into shutdown, activated the back-up system, and sent an email out notifying what fault occurred.
3.4

Psychrometric Chamber Testing

The first system fabricated was installed in the psychrometric chamber to
establish communications between the ALC and major components; packaged heat pump,
EcoFlow expansion valve, and the variable speed driver. Basic operations of the heat
pump were also tested on the first system, such as single- or two-stage operation and
cooling. In depth testing of the automatic controls for the heat pump were not done until
the second system was installed in the psychrometric chamber.
3.4.1

Test Matrix

A conventional test matrix outlining the indoor and outdoor conditions of the
psychrometric chamber was not generated. The reason being was time constraints and
complications encountered with establishing communications did not allow for the heat
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pump to be tested to ANSI/AHRI Standard 210/240 rating conditions. In addition, the
overall goal for the heat pump is to have performance data over an entire heating season
instead of at set conditions that are outlined by the rating standard. The EES simulation
results for the two-stage heat pump model provided a guideline to select outdoor
temperatures expected for the different operations of the system. Only the outdoor
conditions needed to be varied since the major temperature fluctuations are on the
outdoor unit. The compressor housing and the indoor air handler are located in the
mechanical room, which has stable operating temperatures similar to the indoor
conditions. Table 3-1 lists the outdoor temperatures at which the psychrometric chamber
was set for testing the function of the control program. Humidity control was only used
on the outdoor chamber to accelerate frost build-up on the outdoor unit to test the
defrosting program.
Table 3-1: Psychrometric Chamber Temperatures and Humidities for Testing the Heat
Pump Control Program.
Operation Tested
Automatic EcoFlow
Calibration
Single-Stage
Electric Reheat
Two-Stage
Enable/Disable
Oil Equalization

Outdoor Conditions
T [F]
RH [%]

Indoor Conditions
T [F]
RH [%]

55
30-55
40
5-40

Not Used

5-40

EcoFlow Manual
Calibration/Automatic
45
Distribution
Defrost
30-40

100%

70

Not Used
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3.4.2

System Setup

The indoor air handler, the compressor housing, and the control board were all
installed in the indoor chamber of the psychrometric rooms. The outdoor chamber held
only the outdoor heat exchanger since the mechanical room at the field demonstration
had enough space for all the other components. Two images can be seen in Figure 3-2
that show the system installed into the psychrometric room. An Ethernet cable was run
from the controller to a computer sitting outside the rooms to have manual control or to
monitor the automated controls. The air handler was not connected to the nozzle box of
the psychrometric rooms because air side volumetric flow rates were not needed to test
the control program. To create some form of pressure drop for the blower of the air
handler, a box was made to mount the unit on top of with a missing side. This would
allow for the creation of a blockage that could be varied to induce resistance for the
blower.

Figure 3-2: Heat Pump Installed into Psychrometric Outdoor (left) and Indoor (right)
Chamber.
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CHAPTER 4. FIELD DEMONSTRATION

Before the heat pump could be installed into the barracks buildings, an
experimental plan was developed that required modifications to the existing building. The
duct work, for example, had to allow for the integration of a second HVAC system. The
existing HVAC was left in place to serve as an emergency back-up when the heat pump
had to be taken offline. The barracks also needed to be fully instrumented to provide
measurements on the indoor and outdoor conditions as well as the electric and gas
consumption of the current system. Data was collected using the ALC controller and
saved to a computer within the mechanical room that acted as a server. Internet access to
the computer allowed for remote monitoring and data collection.
4.1

Experimental Design

Two heat pump systems were fabricated and installed into two separate barracks
buildings. The heat pump in Building 114 was connected to providing heating for the
northern half while the system in Building 113 is connected to the southern half.
Installing the heat pump into different halves allows for two comparisons; one within
individual buildings comparing the north to south performance and the other between
buildings on a north to north, or south to south basis. If any differences occur due to
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orientation, the two comparisons should capture this. Figure 4-1 shows a diagram of both
buildings where the colors indicate the heat pump (yellow), conventional system (red),
mechanical room (green), and the lavatory (blue). To maintain a fair comparison, on-base
personnel were asked to maintain an equal level of occupancy between both buildings.

Figure 4-1: Experimental Design for Heat Pump Installation.
The integration of the heat pump into the existing duct work of the building is
presented next. Due to the system being novel and having a long testing period, the
conventional system being replaced by the heat pump had to be left connected to the
ductwork. The idea was, by leaving the existing system in place there would be the
ability to switch between the conventional and heat pump system. Whenever the heat
pump was taken off-line, the existing HVAC system would be brought on-line as an
emergency back-up. The details showing the two systems with four dampers can be seen
in Figure 4-2. During normal operation, the heat pump dampers are open while the
conventional dampers are closed.
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Figure 4-2: Ductwork Integration with Heat Pump and Conventional Back-up (Kultgen,
2013).
New ductwork needed to be built from the heat pump air handler to the existing
supply and return lines. Drawings of the original ductwork were obtained as well as
physical observations to determine the best approach for connecting ductwork to either
the northern or southern halves. 3-D CAD models were generated to outline the work
required for each building. Tying the heat pump into the southern half required less
ductwork compared to integrating the system into the northern half. The CAD model for
both systems is shown in Figure 4-3.
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Figure 4-3: 3-D CAD Model of Ductwork Needed to Integrate with the Southern Half
(left) and the Northern Half (right) (Kultgen 2013).
4.2

Sensors and Meters

Four temperature and humidity sensors were installed on the ceiling for each
building. Two for each half and of those two, one on each side of the dividing wall
separating the northern and southern halves. The monitoring capabilities for comfort were
determined by these sensors. Locating them on the ceiling provided the best ability to
monitor the space conditions while minimizing the potential for occupant tampering. One
more temperature sensor was located for the heat pump control. The location was next to
the thermostat used by the conventional system so the control of the heat pump used a
temperature at the same location. By doing this, the heat pump should see the same
control temperature that would have been used by the conventional system. An outdoor
temperature and humidity sensor is installed under the overhang of the roof for each
building. Three separate electric meters were installed to record the power consumption
of the heat pump, the furnace, and the split-system air conditioner. Due to the power
requirements of the heat pump, a separate panel was brought in that powered all
equipment and components for only the heat pump. The electric consumption of the heat
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pump was able to account for every piece of equipment this way. An in-line gas meter
was installed on the conventional system to document the amount of natural gas
consumed. The power and gas meters were connected to the controller by using
MODBUS protocol. The temperature and humidity sensors were connected to available
inputs on the controller.
4.3

Mechanical Room Installation

A Trane certified HVAC contractor was hired to help with the installation of the
heat pump. All the ductwork modifications, refrigerant connections, and electrical wiring
were done by the contractor. A computer was installed in the mechanical room of
Building 113 to act as the server for the ALC controller in both buildings. Several
electrical boxes had to be mounted on the walls of the mechanical room to house the SCR
controller for the electric reheat, motor contactors to control the power supply to the
compressors, and the electric meters for all three systems. Two images of the installed
heat pump and the electrical boxes are shown in Figure 4-4. In the right image starting
from the left box and working clockwise, the circuit breaker panel for all the heat pump
components, the electrical box with the power meter and SCR controller, three motor
contactors for the tandem and variable speed compressor, and last is the ALC controller
for the system.
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Figure 4-4: Installed Compressor Housing (left) and Electrical Equipment (right).
4.4

Data Collection

The ALC controller had two options when determining the frequency of data
collection; one was a rate specifying how often to record the value, the second was a
change of value, COV, that could be set to the amount the measurement must change by
before a value is recorded. All the energy measurements, electricity and gas
consumptions, were recorded using COV to reduce the amount of data stored to when the
respective system is in operation. All the room and outdoor conditions, temperature and
relative humidity, were recorded by a set rate. The rate was 5 minutes for some data sets
and 10 minutes for other data sets. The different selected rates were explored to reduce
the amount of raw data collected while observing if larger rates led to an insufficient
characterization of the indoor/outdoor conditions. All of the measurements on the heat
pump operation, temperatures and pressures, were recorded at specified rates. Again
different rates were tested in an attempt to reduce the amount of raw data collected or to
obtain more details on the operation of a compressor or expansion valve. A schematic of
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the temperature and pressure measurement locations is shown in Figure 4-5 using a “T”
or a “P” to denote a temperature or pressure sensor. Not shown in the schematic are the
air side measurement recorded on the indoor heat exchanger. Two temperature probes
were used to obtain an air temperature measurement before and after the indoor coil. In
addition, an Ebtron hot wire anemometer was used downstream of the indoor coil to
record the supply air velocity. A detailed list of all measurements made and the frequency
of each can be found in Appendix C. The list is broken down by data sets that are
described in Section 5.1.

Figure 4-5: Heat Pump Schematic with Instrumentation.
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CHAPTER 5. FIELD RESULTS

Due to complications during the field test, an entire heating season of data could
not be collected. Only a grouping of data periods were identified between long periods of
system shut-down. Raw data is shown for one data set that captures the heat pump
operating in two-stage mode. The entire raw data for all data sets cannot be properly
displayed in the chapter or appendix. An electronic copy of the entire raw data set is
available on request from the thermal systems group at Ray W. Herrick Laboratories. The
six performance objectives outlined for the DoD project are addressed by interpreting the
data from the field demonstration to determine if the success criteria was met. The
evaluation and conclusions made are explained in detail. The qualitative performance
objectives, installation and maintenance could only rely on observations as data instead
of measurements.
5.1

Data Sets

The heat pump in Building 114 had eight data sets covering about 315 hours and
the unit in Building 113 had only three data sets with a little over 100 hours of data
providing a total of eleven data sets with over 400 hours of data. The highest
instantaneous temperature recorded for a data set was 27.8°C (82°F) and the highest
average
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temperature was 18.3°C (65°F). The lowest recorded instantaneous temperature was 8.3°C (17°F) and the lowest average temperature was -2.8°C (27°F). The field
demonstration covered a large range of temperatures. The main details of each data set,
such as the collection period and temperature ranges, are shown in Table 5-1.

Table 5-1: Summary of Data Sets Collected During Field Demonstration.

Building

Data
Set No.

Data Collection Period

1

10/12/2012
10/13/2012
9:40 PM
1:10 PM

15:30

42 / 5.6

53 / 11.7

68 / 20

2

10/15/2012
10/16/2012
2:40 PM
1:05 PM

22:25

39 / 3.9

52 / 11.1

65 / 18.3

3

10/25/2012
10/26/2012
8:22 AM
3:29 PM

31:07

46 / 7.8

65 / 18.3

82 / 27.8

4

10/27/2012
10/27/2012
1:50 AM
3:45 PM

13:55

38 / 3.3

45 / 7.2

55 / 12.8

5

1/4/2013
11:00 AM

-

1/5/2013
9:05 AM

22:05

17 / -8.3

27 / -2.8

37 / 2.8

6

1/10/2013
9:35 AM

-

1/17/2013
1:55 AM

160:20

19 / -7.2

41 / 5

67 / 19.4

7

1/25/2013
1:25 AM

-

1/25/2013
6:10 PM

16:45

21 / -6.1

25 / -3.9

30 / -1.1

8

2/14/2013
10:30 AM

-

2/15/2013
7:25 PM

32:55

30 / -1.1

39 / 3.9

53 / 11.7

9

2/1/2013
2:45 PM

-

2/4/2013
4:45 AM

62:00

17 / -8.3

27 / -2.8

42 / 5.6

10

2/13/2013
3:00 PM

-

2/14/2013
12:50 AM

9:50

40 / 4.4

44 / 6.7

49 / 9.4

11

2/14/2013
9:40 AM

-

2/15/2013
9:10 PM

35:30

29 / -2.2

40 / 4.4

59 / 15

114

113

High
Low Outdoor Average Outdoor
Hours:Minutes
Outdoor
Temperature
Temperature
of Data
Temperature
[F/C]
[F/C]
[F/C]
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5.2

Two-Stage Data Set

The data set that was selected for further analysis here included both two-stage
and single-stage operation and also had a relatively small time span for ease of plotting.
The 7th data set, January 25th, for Building 114 was found to meet these criteria. The
measurement points of significance were any values that were needed to evaluate the
performance objectives as well as additional points that provide significant insight into
the operation of the heat pump.
The system had four pressure sensors installed to monitor the compressors
operation when in single or two-stage mode. Two of the sensors were located on the high
side pressure. One location was directly after the compressor, which gives the highest
pressure reading of all sensors, and the second location was up-stream of the expansion
valve used for heating. The highest pressure sensor is labeled “high” and the sensor
located before the expansion valve is labeled “out” since its location is outside, on the
outdoor heat exchanger. The two other pressure sensors are on the suction side of each
compressor. When in single-stage mode, both sensors will read the same value since only
the high-side compressor is running. Although when running in two-stage mode, both
sensors will read different pressures since the suction port of each compressor is
operating at a different pressure.
Figure 5-1 is a plot of the four different pressure readings during the entire 7th
data set versus time. The heat pump operates in two-stage mode for most of this data set
and can be identified easily between the hours of 2:00 am and 10:00 am. Then, between
the hours of 4:00 pm and 6:00 pm, the heat pump switches into single-stage operation. A
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difference between the intermediate and low pressure readings is an indicator of when the
heat pump is operating in two-stage mode.
The heat pump also had seven temperature sensors installed to monitor refrigerant
conditions throughout different locations. Two additional temperature sensors were
equipped by the manufacturer on the high-stage compressor; discharge or scroll
temperature and the motor temperature. These readings provide insight into the
performance of the overall heat pump, expansion valves, and individual compressors. A
summary of most of these temperature readings and the outdoor air temperature plotted
versus time can be seen in Figure 5-2.
The temperature drop across the indoor heat exchanger, IDHX, or air handler is
shown by comparing the entering, gas temperature of the IDHX versus the exiting, liquid
temperature of the IDHX. For the selected data set, this difference is approximately
55.6°C (100°F). The operation of the outdoor heat exchanger, ODHX, is captured by
comparing the outdoor air temperature versus the gas temperature leaving the coil,
ODHX gas. The difference between these temperatures is more than 11.1°C (20°F) for
the data set investigated. The smaller this difference is, the higher the efficiency is of the
outdoor heat exchanger.
The highest temperatures recorded are at the discharge of the high-stage
compressor, also known as the scroll temperature. The measurement is influenced by any
two-stage operation. In Figure 5-2 between the hours of 2:00 am and 10:00 am, the scroll
temperature is lower than the reading between the hours of 4:00 pm and 6:00 pm. The
difference is due to the mixing chamber cooling the discharge gasses leaving the low
stage compressor before entering the high stage compressor. By cooling these low stage
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discharge gasses, the entering refrigerant is closer to a saturated vapor state and results in
reduced gas temperatures leaving the high stage compressor. Additionally, this effect
improves the volumetric efficiency of the compressor leading to higher refrigerant flow
rates.
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Figure 5-1: Data Set 7 – Heat Pump Refrigerant Pressures.
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01/25/2013- Building 114 Heat Pump Temperatures
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Figure 5-2: Data Set 7 – Heat Pump Refrigerant Temperatures.
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Summaries of all zone temperatures, heat pump supply and return temperatures,
and control temperature are provided in Figure 5-3. Also, please note that for data set 7,
the heat pump provides heating to the northern half of Building 114 and the furnace
supplies heating to the southern half.
The first point to note from Figure 5-3 is the high temperatures of the supply air
relative to the other readings. These high supply temperatures are dependent on the
number of stages the heat pump is utilizing. When in two-stage mode, higher supply
temperatures are observed due to the system running at higher pressures. The difference
in temperatures can be observed in Figure 5-3 when comparing hours 2:00 to 10:00 am
with hours 4:00 to 6:00 pm and the difference of pressures in Figure 5-1 over the same
hour ranges. The larger amount of heat available when using two-staged compression
becomes evident with this comparison to single-stage operation.
The northern zone has different temperature trends than the southern zone due to
the difference in the operation of the heat pump from a natural gas furnace. In
Figure 5-3, the southern zone temperatures show averages around 85°F while the
northern zone has lower averages closer to 70°F. The northern zone has a larger
temperature difference between measurement points than between points for the southern
zone. It is believed that the larger temperature differences between points for the heat
pump are due to the ductwork modifications made to allow for integration into the
existing duct work.
The comparison between the heat pump and furnace energy consumption is
plotted and shown as Figure 5-4. The energy consumption for the furnace is shown as a
rate in standard cubic feet of natural gas per hour. Note that data set 7 does not have a
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complete record of the energy rate. However, the totalized amount of natural gas is
available to make primary energy comparisons from measurements by the gas meter. The
furnace shows some electricity consumption due to use of the blower. The power
consumption of the heat pump increases by more than double for this data set when
switching from single-stage to two-stage mode. Between the hours of 2:00 am to 10:00
am the heat pump uses approximately 13 kW of electricity, but during single-stage mode,
between the hours for 4:00 to 6:00 pm, the heat pump uses only 6 kW of electricity. The
doubling of the heat pump electricity consumption is still able to provide efficient heating
due to a corresponding multiplier increase of the heating capacity.
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Figure 5-3: Data Set 7 – Room Air Temperatures.
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Figure 5-4: Data Set 7 – Energy Consumption of Heat Pump and Furnace.
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5.3

Project Performance Objectives

The energy consumption was monitored over time to provide a direct comparison
of primary energy. Cost and emissions are computed directly from this energy
consumption data. Table 5-2 and Table 5-3 summarize the results achieved for
performance objectives primary energy, costs, and CO2 emissions.
Table 5-2 is the energy, cost, and emission data for Building 114 and Table 5-3
has the same information for Building 113. The results are presented as a direct
comparison between the heat pump and conventional system on a primary energy basis in
kilowatt-hours (kWh). In Table 5-2 the first row for the heat pump are the measurements
from the electric meter. These values were used to calculate the primary energy
consumption, costs, and emissions. The first two rows for the furnace are the total values
measured from the electric and gas meter. The measurements from the gas meter were
converted to kWh and added to the furnace electric consumption. The primary energy
was calculated from these measurements and used to obtain the cost and emissions for the
furnace.

Table 5-2: Building 114 Results for Energy, Cost, and Emissions.
1

2

3

4

5

6

7

8

Electric Meter Real Energy
(kWh)

56.0

60.0

67.9

57.6

161.1

1209.6

99.9

174.7

Primary Energy (kWh)

143.3

153.5

173.7

147.3

412.0

3093.9

255.4

446.9

DoD Operational Cost ($)

$4.48

$4.80

$5.43

$4.61

$12.89

$96.76

$7.99

$13.98

Residential Operational Cost
($)

$5.88

$6.30

$7.13

$6.05

$16.91

$127.00

$10.49

$18.34

Carbon Dioxide Emissions
(kg)

26.3

28.2

31.9

27.0

75.6

567.8

46.9

82.0

12.9

18.1

26.6

12.0

20.3

141.0

15.4

23.9

266.5

298.5

489.5

1010.0

1762.1

7386.3

1188.9

1960.8

Primary Energy (kWh)

112.1

134.9

213.2

330.2

574.4

2551.5

392.0

642.6

DoD Operational Cost ($)

$2.29

$2.85

$4.43

$5.71

$9.90

$46.00

$6.82

$11.13

Residential Operational Cost
($)

$3.88

$4.73

$7.42

$10.81

$18.80

$84.68

$12.86

$21.06

Carbon Dioxide Emissions
(kg)

20.6

24.8

39.1

60.6

105.4

468.3

71.9

117.9

Data Set No.

Heat Pump
(Bld 114)

Electric Meter Real Energy
(kWh)
Standard Cubic Feet (CF) of
Nat. Gas
Furnace
(Bld 114)
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Table 5-3: Building 113 Results for Energy, Cost, and Emissions.
9

10

11

Electric Meter Real Energy (kWh)

454.7

134.2

43.6

Primary Energy (kWh)

1163.2

343.1

111.4

DoD Operational Cost ($)

$36.38 $10.73 $3.48

Residential Operational Cost ($)

$47.75 $14.09 $4.57

Carbon Dioxide Emissions (kg)

213.5

63.0

20.4

Electric Meter Real Energy (kWh)

52.2

26.7

6.0

Data Set No.

Heat Pump
(Bld 113)

Furnace
(Bld 113)

Standard Cubic Feet (CF) of Nat. Gas

6579.7 2258.4 579.8

Primary Energy (kWh)

2085.0

DoD Operational Cost ($)

$35.10 $12.75 $3.20

Residential Operational Cost ($)

$67.73 $24.16 $6.11

Carbon Dioxide Emissions (kg)

382.7

5.3.1

738.0

135.4

187.3

34.4

Primary Energy

Table 5-2 and Table 5-3 illustrate the importance of comparing each method on a
primary energy basis. The heat pump uses only electricity, while the natural gas furnace
uses electricity for the fan and burns natural gas to generate the heat. Taking both the
electricity and the natural gas back to primary energy requires making energy
conversions but allows for both systems to be accurately compared. For the natural gas
furnace, the standard cubic feet, SCF, is converted using Equation (5-1. Two factors are
used for the conversion. The first is the heat content of natural gas referenced from the
2011 EIA data base for Indiana. The value is also listed in
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Table 5-4 under the natural gas furnace category. The second factor is a simple
conversion between BTUs and kWh.
(5-1)
The next energy conversion required taking the kWh of electricity back to the primary
energy consumed by the power plant. In order to convert the electric meter values
(

) to primary energy, a power plant (

) and transmission line (

) efficiency

were assumed. The efficiency values assumed are listed in
Table 5-4 under the natural gas power plant category. It should be mentioned that
it is also assumed all the electricity is produced by a natural gas power plant. This
provides a fair comparison by having both technologies using natural gas, one burning
the natural gas directly, and the other burning natural gas to generate electricity. The
electric meter values are then divided by the product of both the power plant and
transmission line efficiencies. The electric meter energy to primary energy conversion
can be seen in Equation (5-2).
(5-2)
From this conversion method, it can also be determined what the performance
requirements are of the heat pump to achieve a primary energy reduction. By taking the
product of the efficiencies, a total efficiency of primary energy to electrical kWh is at
0.391. Then using the definition of a heating COP, the amount of 1 unit of heat output by
the heat pump for 1 unit of primary energy consumed determines the COP goal of a heat
pump. The COP goal is calculated by taking the inverse of the total efficiency assumed,
0.391 to arrive at a heating COP of 2.56. Heat pump heating COP values above this
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requirement will reduce the amount of primary energy consumed compared to a system
that converts 1 unit of primary energy into 1 unit of heat output.
Table 5-4: Assumptions for Primary Energy, Energy Costs and Emissions.
Natural Gas Power Plant
Equivalent BTUs for a kWh
3412 BTU/kWh
2011 Natural Gas Heat Rate
8152 BTU/kWh
Power Plant Efficiency
0.42
2009 T&D Losses and Unaccounted
260,580,117 kWh
2009 Total Net Elec. Generation
3,950,330,928 kWh
Transmission Efficiency
0.93
Natural Gas Furnace

Camp Atterbury Rates
Electricity
0.08 $/kWh
Natural Gas
0.47 $/therm
IN Residential Rates
Electricity
0.105 $/kWh
2012 Natural Gas
9.46 $/1000 CF
EPA Emission Factor
120000 lbs/1E6 CF

2011 Heat Content of Natural Gas – IN
1012 BTU/CF
Convert Natural Gas CF to kWh
0.30 kWh/CF
Table 5-2 illustrates that the heat pump in Building 114 used less primary energy
in five of the eight sets and Table 5-3 shows the heat pump in Building 113 used less
primary energy in all three data sets. Data sets 1 and 2 show more primary energy was
consumed but the difference between the two systems is not very large, roughly 20-30
kWh. The outdoor condition ranges for both sets are comparable, 42°F to 68°F for the
first set and 39°F to 65°F for the second set. Outdoor conditions for all data sets can be
referenced by looking at Table 5-1. Both sets had extremes within a couple degrees of
each other and therefore, had almost equivalent average outdoor temperatures. Data set 6
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also identifies the heat pump having more primary energy consumption than the furnace
by roughly 500 kWh. This data set stands out as the longest amount of hours logged
before any complications occurred, roughly 160 hours or almost 7 days. The outdoor
conditions also were over a large range spanning a low of 19°F to a high of 67°F
producing an average outdoor temperature of 41°F. If these three data sets were able to
show equivalent primary energy consumption as the furnace, then the primary energy
savings for all data sets would be at approximately 26%. The system controls play an
important part in primary energy consumption of the heat pump. While for a furnace, the
controls are more straightforward since cycling for a furnace does not create a large
amount of inefficiencies. Data sets 1 and 2 are the first two data sets collected when the
heat pump was installed. The significance of being the first sets collected is the heat
pump controls were seeing the field demonstration conditions for the first time. As
problems were encountered, modifications were made to the controls which could result
in a positive influence on the performance of the heat pump. The impact of the controls
on the 6th data set could also explain the higher primary energy consumption seen of the
heat pump. Over this long period of time the heat pump experienced outdoor conditions
that were more extreme than what was observed during the first two data sets. With
colder temperatures comes a higher building load and results in increased capacity
demand. Colder temperatures also create conditions for frost build up on the outdoor coil
and require very inefficient defrost cycles. This is due to all of the heating from the heat
pump is done by electric resisters that have at best COPs of 1. The lower COPs of the
heat pump mean more primary energy consumption to meet the same load. The colder
temperatures also require the heat pump to run in two-stage mode more often to meet the
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larger building load. It has to switch between stages more frequently during this week
period to conduct defrost cycles as well as handling the varying heating load throughout a
typical day. Therefore in the 6th data set, the two-stage and defrost controls were utilized
extensively having a large impact on the overall performance of the heat pump.
It has to be noted that Table 5-2 and Table 5-3 do not provide the results of a
completely fair comparison. Table 5-2 and Table 5-3 neglect the effects the orientation
of a building can have on a zones’ heating and cooling load. Therefore, further analysis
was conducted and is presented in Figure 5-5 and Figure 5-6. In both figures, the heat
pump located in Building 113 and Building 114 is compared to the furnace from both
buildings as well as the heat pump heating COP is shown. This comparison allows for
insight on the influence of building orientation on the heat pump operation as well as the
operating performance of the heat pump. In Figure 5-5, the primary energy savings
changes depending on which furnace the heat pump is compared to. When compared to
the furnace in Building 113, the heat pump has more primary energy consumption for
data sets 4, 6 and 7, and while comparing the heat pump to the furnace in Building 114, it
shows more primary energy consumption for data sets 1, 2 and 6. In Figure 5-6, the heat
pump always has a primary energy savings for data sets 9 and 11, but for data set 10, the
primary energy savings only exists when compared to the furnace in Building 113. These
inconsistences could be due to the building orientation or if other influences are
considered, could be due to the occupant behavior in both buildings, the level of
occupancy in both building, or an imbalance of occupancy between the individual
buildings and/or their northern and southern halves. Overall, it is positive to note that the
heat pump more often consumes less primary energy than either building’s furnace. The
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second consideration is the fluctuation of the system heating COP. To reach a primary
energy savings, the heat pump should have a heating COP above 2.56 as described
previously. Only data sets 5, 8 and 11 show COPs above this minimum limit. Therefore,
data sets that show a reduction in primary energy consumption without a COP above this
limit are influenced by the previously described factors where the furnace and heat pump
did not provide the same amount of heat to the space.

Figure 5-5: Primary Energy Consumption and COP Summary for Heat Pump in Building 114.
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Figure 5-6: Primary Energy Consumption Summary and COP for Heat Pump in Building
113.
5.3.2

Operating Cost

The operating cost performance objective was evaluated by taking the energy
consumption of each system, the heat pump and furnace, and using utility rates to
calculate the individual operating costs. The heat pump system required only the
electricity rate while the furnace needed both a natural gas rate and an electricity rate.
Two sets of utility rates, Camp Atterbury and residential, were used to generate two sets
of cost comparisons that can be seen in
Table 5-4. The rates for Camp Atterbury were obtained from base staff and the
residential rates were referenced from the 2011 EIA data book for Indiana. Two different
sets of rates were used to provide a comparison between the energy costs for a military
base and for a typical residence. The electricity rates obtained were not the ideal rates due
to the fuels used for power generation. In Indiana, electricity is predominately generated
by burning coal while the primary energy conversion used for electricity assumed 100%
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natural gas. Due to the inaccuracy in assuming a different utility rate, the actual costs for
the energy consumed was used.
The operating cost for the heat pump was approximately the same as the one of
the natural gas furnace, about 1% more, when using the residential utility rates. This is in
spite of the heat pump consuming less primary energy, but is due to the low cost of
natural gas. Residential customers currently are paying record low prices for natural gas.
The operating cost for the heat pump at Camp Atterbury was about 44% more than the
furnace. Commercial users like Camp Atterbury are paying even less. Ultimately, the
heat pump technology will be most competitive in locations where fossil fuel sources are
not available. Although a heat pump will have significant energy savings as compared to
an electric furnace.
5.3.3

CO2 Emissions

Previous studies have shown that heat pumps are only environmentally friendly
from a CO2 perspective when the electricity is produced by renewable means. However,
for the field demonstration, the electricity used is assumed to be produced by a natural
gas power plant. If the heat pump were to consume less primary energy than a furnace
then, a heat pump would actually be better for the environment on a CO2 basis. Please
note that the previous statement merely refers to CO2 production while the system is
operating and does not consider inherent CO2 production from the manufacturing of a
heat pump. Additionally, further examination of different power plant fuels should be
analyzed to provide a full representation of the heat pump emissions.
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To calculate the CO2 emissions produced by both systems required assuming the amount
of CO2 per volume of natural gas. An EPA report, AP-42, Compilation of Air Pollutant
Emission Factors was referenced for this factor. The value can be seen listed in
Table 5-4. The amount of primary energy consumed by each system is converted
to a volume of natural gas. Both a kWh to BTU conversion and with the 2011 EIA heat
content of natural gas for Indiana are used for the conversion. The emissions factor can
now be used with the volume of natural gas consumed to generate the amount of CO2
emitted as shown by Equation (5-3. By using the primary energy consumption, both
percent savings for primary energy and emissions are the same at 19%.

(5-3)

5.3.4

Comfort Considerations

To evaluate the comfort performance objective, ASHRAE Standard 55, Thermal
Environmental Conditions for Human Occupancy, was applied to quantitatively evaluate
the room conditions. Compliance with the standard is estimated to predict at least 80% of
the occupants are comfortable. The standard considers six primary factors that must be
addressed when defining conditions for thermal comfort: metabolic rate, clothing
insulation, air temperature, radiant temperature, air speed and the humidity.
The standard also offers different methods to evaluate these six primary factors for
determining if compliance has occurred. The “Graphic Comfort Zone Method for Typical
Indoor Environments” is selected to provide a visible indictor of the comfort conditions.
In Figure 5-7, a psychrometric chart from the standard is shown identifying the comfort
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zone with reference to an operative temperature and humidity ratio ranges. The graphical
method can only be applied when the occupants have activity levels that result in
metabolic rates between 1.0 and 1.3 met and when clothing is worn that provides between
0.5 and 1.0 clo of thermal insulation. The Appendices A and B of the standard offer
estimates of these parameters. A sleeping person has a metabolic rate of 0.7 met and a
seated person has a rate of 1.0 met. Therefore, this method will only be applicable to
persons that are sleeping or at rest. Trousers, and a short-sleeved shirt has a rated clothing
insulation value of 0.57, while a person with trousers, a long-sleeved shirt, long sleeve
sweater, and undershirt has an insulation value of 1.01. Sweat pants and a long-sleeve
sweatshirt combined have an insulation value of 0.74. For persons using a military
barracks, typical activity and clothing is expected to adhere to the required ranges set by
the graphical method.
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Figure 5-7: Graphic Comfort Zone Method: Acceptable range of operative temperature
and humidity for spaces (I-P).
The operative temperature is calculated by combining the effects of the air
temperature and the radiant temperature. The radiant temperature is taken as the
measured temperature of the surrounding walls and surfaces within a conditioned space
and their position with respect to the person, Chapter 9: ASHRAE 2009 Handbook
Fundamentals. Appendix C of the standard explains how the operative temperature is to
be calculated. If the relative air speeds in the space are small (<0.2 m/s, 40 fpm), or the
temperature difference between the mean radiant and air temperature is small (<4°C, 7°F),
the operative temperature can be calculated from the average value of the air and mean
radiant temperature. Alternatively, the operative temperature can be set equal to the air
temperature if four conditions are met; no radiant and/or radiant panel heating or cooling

82
system is used, the average U-factor of the outside window/wall is below a calculated
value, the window solar heat gain coefficients are less than 0.48, and there is no major
heat generating equipment in the space. Two of the four criteria are met automatically
without any calculations due to the known conditions of the barracks. The other two
factors require calculations of the building materials that involve a significant level of
uncertainty. For the scope of this analysis, it will be assumed the remaining two factors
are satisfied and thus, the measured air temperature will be used as the operative
temperature.
The air speed in the conditioned space was not measured. In spite of the absence
of this data, the impact of air speed can still be considered. Figure 5-7 identifies the
impact of air speed on the allowable range of operative temperatures. The right boundary
of the 0.5 clo zone corresponds to a 20 fpm air speed. As the air speed in the space is
increased, the zone extends further to the right to include warmer operative temperatures.
This increase reaches a limit at an air speed of 236 fpm shown as a dashed line in the
figure. Further details on the air speed impacts are explained in the standard, section 5.2.3.
Before the air temperature and humidity measurements are considered, the raw
data is processed for ease of interpretation by reducing the amount of points. Each
building half, north and south, has temperature and relative humidity measurements
resulting in four temperature and four relative humidity measurements. Seven of the
original data sets have complete measurements of the indoor conditions. The data for
each set is reduced to the maximum, average, and minimum values. With these values,
the comfort range of each zone can be determined. If the average value lies within the
comfort conditions, then the zone on average was adequately providing comfort to at
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least 80% of the occupants. The maximum and minimum values provide indication if the
average value is affected by an extreme measurement that could be considered an outlier.
Table 5-5 provides a summary of these values for comparison.
Table 5-5: Maximum, Average and Minimum Temperatures and Relative Humidities to
Determine Thermal Comfort.

After obtaining the filtered, raw data, the humidity ratio is calculated using the air
temperature and relative humidity. The humidity ratio with its respective air temperature
is plotted onto a psychrometric chart. This chart can be seen in Figure 5-8 for both the
furnace and heat pump. The two comfort zones are also plotted on the same chart to
identify points that are outside the comfort zone. The points for Building 113 are open
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symbols while the points for Building 114 are filled in. The color of the point indicates if
the point corresponds to the furnace operation, red, or for heat pump operation, blue.
Lastly the symbols for each point either refer to the maximum value, a circle, the average
value, a square, or the minimum value, a triangle.

Figure 5-8: Thermal Comfort Zone for Furnace (top) and Heat Pump (bottom) Operation.
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Overall the heat pump has lower temperatures than the furnace but 11 of the 14
heat pump averages lie within the comfort zone. These 11 average heat pump
temperatures are still promising in spite of only 2 of the 14 heat pump low values satisfy
the comfort requirements. The furnace has all the high values outside the comfort zone
with approximately 50% of its averages within the faster air velocity requirement. As
expected all points except two high values, one for the furnace, one for the heat pump,
satisfy the humidity requirement. The reason being is only the heating operation is
considered and the outside air during the winter can hold only a small amount of water
vapor. This leads to lower indoor relative humidities during heating seasons. Another
factor of the results to consider is the air temperature was measured on the ceiling of the
conditioned space. Ideally, all measurements would be collected at specified heights to
capture the building conditions within the occupied zone. Due to the duration of the field
test and typical usage of the building, the collection of temperatures and humidities from
the ceiling proved to be the most dependable measurement location. The impact of the
different discharge temperatures between the two systems could influence these results. A
furnace using combustion as a heat source will have higher air supply temperatures than
what a heat pump will provide. This can explain why there is a significant shift on the
operative temperature axis between the two systems.
ASHRAE Standard 55 was satisfied for the majority of the maximum and average
points for the heat pump. Almost all of the minimum values of the heat pump were
outside the standard. It should also be noted that the furnace operation requires a higher
air velocity to ensure adherence with the standard. All of the maximum points and
roughly half of the average points for the furnace lie outside of the low air speed zone.

86
And about half of the low points for the furnace were outside the low air speed zone
completely. The lower supply temperatures of heat pumps are known and can cause user
discomfort if the air distribution system is designed improperly. From the results, it can
be concluded that the heat pump will satisfy 80% of the occupants a majority of the time.
Potentially during start-up, the room conditions fall outside this comfort zone for a short
period of time. One area that would need to be investigated further is the control of the
system as its start-up procedure could eliminate this system characteristic.
5.3.5 Installation Considerations
The installation of the heat pump was performed by a HVAC contractor, who was
familiar with installing heat pumps. The main difference for an installation between a
heat pump and a traditional air-source heat pump was an additional component. Both
systems utilize an indoor and outdoor unit but the heat pump had a compressor housing
unit that contained all the compressors and auxiliary equipment needed. This required
four extra piping connections compared to the traditional system. The connections were
no different than standard piping connections used on any refrigeration system, including
heat pumps. Also, the compressor housing required standard electrical connections which
are additional compared to a traditional heat pump. The HVAC contractor had no
difficulty handling these additional piping and electrical connections.
The indoor and outdoor units for the heat pump were off the shelf components that are
currently used in a pre-packed air-source heat pump. More space is needed than
traditionally available in outdoor units for the heat pump. Ideally the outdoor unit would
be slightly redesigned creating enough space to contain all the essential equipment
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needed for the heat pump. With this small change, the installation of the heat pump
becomes almost identical to a traditional air-source heat pump.
5.3.6

Maintenance Issues

Most maintenance of air-source heat pumps involves charging refrigerant,
replacing fan motors or blades, replacing a compressor or replacing a bad sensor. All of
these tasks could be completed by a HVAC technician on the heat pump with minimal
difficulty. The redesign of the outdoor coil would need to take into account allowing the
ability for the HAVC technician to conduct any maintenance on the heat pump.
Tasks that would be considered additional maintenance compared to a traditional heat
pump were not identified during the field demonstration. More installations would be
needed to determine if different maintenance tasks are required by the heat pump. Repairs
that were conducted as a result of the complications with the heat pump were not
considered for the maintenance performance objectives.
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CHAPTER 6. TRNSYS MODEL

ANSI/AHRI Standard 210/240 sets the requirements to calculate the heating
seasonal performance factor, HSPF, for a new air-source heat pump without running the
new equipment for an entire heating season. Various outdoor conditions are to be tested
while at steady-state and if necessary with variable outputs, during different system
capacities. For the field demonstration, testing the heat pump at these rating points is no
longer needed. Data was to be collected over an entire heating season and used to
calculate a seasonal heating performance directly that is similar to a HSPF. This is done
by summing all the energy delivered to the building, in BTUs, during the heating season
and dividing this sum by the total amount of electricity consumed, W-h, during the same
period. Due to the complications encountered during the project, an entire heating season
of data could not be collected. In spite of this limitation, the data collected can be used to
update the inputs of a building modeling program, TRNSYS (Transient System
Simulation Tool), to generate an experimentally adjusted, simulation performance factor
over an entire heating season.
6.1

Overview

Taking the EES results further, a complex building model was developed within
TRNSYS. The program provides the capabilities to simulate systems over an entire year
on an hourly basis or any other time step desired. With a weather data file, a complex

89
building model, and the EES simulation results, a TRNSYS simulation can model a field
demonstration. The location of the building can be changed by referencing a different
weather file. A blower that is operated by a programmable controller can be evaluated by
changing the controller logic. Thermal losses of supply and return ductwork can be
quantified. All these factors can be connected together and modeled within TRNSYS.
Figure 6-1 presents the overall structure of the TRNSYS model used to simulate the field
demonstration. The same load schedules that were generated by the eQUEST model were
used for the occupant, lighting, and infiltration building loads. The building was modeled
as a multi-zone space and is defined by a preprocessor program, TRNBuild that is
available in the TRNSYS software package. All the building details such as dimensions
and materials are defined within this preprocessor program. The blower, supply and
return air ducts were obtained from built-in functions already available in TRNSYS.

Figure 6-1: TRNSYS Model Layout of the Field Demonstration.
6.2

Cold Climate Heat Pump Device

The cold climate heat pump, CCHP, device is a custom function that was
developed in FORTAN and compiled to be called by the TRNSYS model. The custom
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function is preprogrammed using curve-fits that are generated using the EES model
results shown previously in Figure 2-6 and Figure 2-7. Seven curve-fits that provide the
heat pump capacity as a function of temperature are obtained. Five are for different
compressor speeds during single-stage operation, and the remaining two are for two
different speeds during two-stage operation. The same number and conditions of curvefits are also obtained for the COP of the system as a function of the outdoor temperature.
The building load is used an input for the heat pump function and is compared against the
calculated, available capacities of the system. If the building load is between two
available capacities, it is determined that the heat pump output can match the building
load. If the building load is between two capacities that involve both two-stage and
single-stage operation, the higher capacity is selected as the heat pump output. The set
compressor speed is calculated by interpolating between the two speeds that correspond
to the capacities that surround the building load. If the load is between capacities of
different modes, then the speed is set to the mode corresponding to the higher capacity.
The selected COP is calculated the same way. If the building load is between the lowest
two-stage capacity and the highest single-stage capacity, then the heat pump output
capacity is selected as the two-stage capacity. This decision will lead to the heat pump
producing more heat than is necessary, but ensures the building load is always met or
exceeded. In typical operation, the heat pump cycles between single and two-stage
operation during these conditions. The calculated COP is used with the calculated heat
pump capacity to back-out the electric consumption of the CCHP.
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6.3

Standard Simulation Results

The TRNSYS simulation was run for the entire year to observe fluctuations of the
heating and cooling loads compared to the outdoor temperature. The heating set point
was 20°C (68°F) and the cooling set point was (74°F) 23°C for the building. The
simulation results of the building load can be seen in Figure 6-2.

Figure 6-2: TRNSYS Model Building Simulation – Heating and Cooling Loads.
The heating season for the field demonstration is shown to be from September to
April. The entire TRNSYS model, with the CCHP device, is run during only the heating
season to predict the monthly and overall heating season performance of the heat pump.
The monthly heating COPs and electric consumption of the heat pump can be seen in
Figure 6-3. The overall heating seasonal COP from these results was calculated to be 3.75
which corresponds to a seasonal heating performance of 12.8 BTU/W-hr. A conference
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paper was published that presents the use of the TRNSYS model to predict the operation
of the heat pump during the field demonstration (Caskey et al., 2012a).
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Figure 6-3: TRNSYS Model – Theoretical Monthly Heat Pump Electric Consumption
and Heating COP.
6.4

Updated Heat Pump Model

With a complete building model, improvements on the simulation results could be
made by modifying references used by the heat pump device to better match the
experimental data. The heat pump device references equations from curve fits that were
generated using points from the EES simulation results. The experimental data had to
first be processes to align all the different measurements by their respective time stamp.
Once the data was aligned, the capacity and COP was calculated. Both the capacity and
COP are plotted as a function of the outdoor temperature and compared with the curve
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fits from the EES simulation. The simulation curve fits are shifted on the y-axis to reach a
best fit with the experimental data points. The new equations for the shifted curve-fits are
loaded into the CCHP device to update the reference equations.
6.4.1

Process Raw Data

The data collection rate for different measurement points is not uniform. For
example, the heat pump electricity consumption is recorded by COV while the refrigerant
temperature leaving the IDHX is recorded every minute. A MATLAB program is created
that reads in excel files holding all the raw data with each point having its own time
stamp for both heat pumps in Buildings 113 and 114. The array holding the raw data is
manipulated by using a linear interpolation function. For data points that are less frequent
than the desired time spacing, the function will interpolate between the measured data
points to create calculated values at the intermediate time points that were not available
before. After processing, all data points will have values in 30 second intervals for data
points that may have measured data only in two minute or five minute intervals. The
interpolation function in MATLAB also allows for a spline or moving average method
instead of a linear one. The MATLAB code can be seen in Appendix D.
6.4.2 Experimental Capacity and COP
A second MATLAB file is created to read in the aligned measurement points and
process the data to calculate the heat pump capacity and COP. REFPROP, NIST
Reference Fluid Thermodynamic and Transport Properties Database, has a MATLAB
function that can be called to calculate the different thermodynamic properties of a fluid.
The REFPROP function was used in the second MATLAB file to provide the saturation
temperatures and enthalpies. The MATLAB code is also seen in Appendix D.
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The mass flow rate of the heat pump was not recorded and thus required the use
of the ANSI/ARI 510-99 10-coefficent compressor maps to provide the flow rate using
the condensing and evaporating temperatures. The variable speed compressor had five
different compressor maps corresponding to five different speeds, 1800, 2700, 3535,
4500, and 7000 RPM. To calculate the mass flow rate for the high stage compressor, the
speed was also needed besides the evaporating and condensing temperature. If a
compressor speed was between two compressor maps, the mass flow rate would be
calculated for both maps, and then the flow rate is interpolated with the actual
compressor speed and the speeds corresponding to the two maps to reach a calculated
flow rate for the actual speed.
With the refrigerant flow rates and enthalpies entering and exiting the IDHX, the
heat pump capacity was calculated. Then using the instantaneous power consumption of
the heat pump with the calculated capacity, a COP for the heat pump was calculated for
the same point.
6.4.3

Adjusted Model Curve Fits

The heat pump capacities and COPs, the high stage speeds, and the outdoor
temperatures were extracted out of the processed raw data. The time stamps were sorted
first by system operation, one- or two-stage then by the compressor speed. During testing
the heat pump would operate at any speed due to the PI controller that set the compressor
speed. Due to this, RPM bins of a width 400 RPM were centered at the five speeds that
corresponded to the manufacturer compressor maps. The purpose was to only include
compressor speeds that could closely match the same speeds used in the EES simulation.
Some filtering of the data was required due to points that were outside the compressor
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map, and for COP or heating capacities that were unreasonable values. An example of the
filtering applied to the calculated heat pump capacity can be seen by comparing Figure
6-5 before filtering with Figure 6-5 after filtering.
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Figure 6-4: Experimental (Covers 400+ Hours of Data) and Simulation (EES Model) Heat Pump Capacity versus Outdoor
Temperature.
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Filtered - Q_cond versus Outdoor Temperature
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Figure 6-5: Filtered Experimental (63% of Total) and Simulation (EES Model) Heat Pump Capacity versus Outdoor Temperature.
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After the experimental data was filtered, the simulation curve fits were shifted by
modifying the linear constant of each equation representing the fits. The linear term was
selected by maximizing the R-squared value calculated for the new curve fit and the
experimental points. Due to the spread of the data points and a lack of points in two-stage,
the highest R-squared value would only be around 0.88 while the lowest R-squared value
was 0.03. The new curve fits for the heat pump capacity is shown compared to the
experimental points in Figure 6-6 and the new fits for the heating COP compared to the
experimental data is shown in Figure 6-7. As explained previously interpolating between
the new curves for the heat pump capacity allow for the system to match the building
load. The results of the new curve fits do show the curves cross over each other at
different outdoor temperatures. One question is raised. For example would it be
reasonable for the heat pump operating in single-stage mode to obtain a higher COP at a
higher speed for the same outdoor temperature? This could be the case when the increase
in capacity outweighs the increase in power consumption by the compressor. Then
considering the opposite perspective, as the compressor speed is increased further, the
additional increase in capacity is outweighed by the increase in power consumption.
These trends can be seen throughout the COP curve fits in Figure 6-7. More data points
are needed for the intermediate compressor speeds of 3535 RPM and 4700 RPM as well
as covering a wider range of outdoor temperatures. By addressing these points, the
uncertainty in the accuracies of the curve fits should be reduced.
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Figure 6-6: New Curve Fits for EES Model – Heat Pump Capacity versus Outdoor Temperature.
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COP_h versus Outdoor Temperature
New Model Curve Fits
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Figure 6-7: New Curve Fits for EES Model – Heat Pump Heating COP versus Outdoor Temperature.
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6.5

Experimental Adjusted Seasonal Rating

The new curve fits are loaded into the CCHP device in the TRNSYS simulation
program. The monthly electricity consumption and the monthly seasonal heating COP are
plotted only for the months during the heating season. An updated version of the plot in
Figure 6-3 can be seen in Figure 6-8. Overall the newly predicted electricity consumption
is more than double the original prediction. This is due to the newly predicted COPs
being less than the original simulation prediction. The new simulation predicts a seasonal
heating COP of 2.25 or a heating seasonal performance of 7.7 BTU/W-hr. The second
performance factor is similar to the HSPF rating in the fact that the units for heating
capacity and electricity consumption are the same. The large difference between the two
is the one calculated here is valid only for the test location, while the HSPF ANSI/AHRI
rating is calculated using only specified test conditions. For example, field testing two,
identical units, one in Minnesota and the other in New York, will result in different
measured seasonal heating performances in spite of having the same HSPF rating. One
approach to compare the seasonal heating performance is to run the TRNSYS model
using the performance factors for a standard heat pump. The HSPF requirement for the
Department of Energy’s appliance Energy Star rating is 8.2 or above. Selecting an
Energy Star rated heat pump for this analysis would provide a benchmark to compare the
two-stage heat pump to.
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Experimental Adjusted Heat Pump Monthly Electricity
Consumption and COP
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Figure 6-8: Experimentally Adjusted TRNSYS Model – Monthly CCHP Electric
Consumption and Heating COP.
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CHAPTER 7. RECOMMENDED IMPROVEMENTS AND DISCUSSION

During the field demonstration several complications were encountered that both
affected the quantity of data collection and the system performance. The design of the
heat pump controls resulted in a slow response to the heating demand. Adjustments in the
control program for selecting the system capacity are needed. The compressor would
flood with liquid refrigerant at start-up and during operation. Changes in both the control
strategy and the selection of the system components would prevent liquid flooding of the
compressor. The EcoFlow expansion valve experienced complications due to a low
subcooling level. Improving the refrigerant inventory system of the heat pump is one area
that could improve the amount of subcooling. Several improvements on the oil
management system are discussed.
7.1

System Capacity

The PI controller used to determine the required heat pump capacity was crudely
designed. Changes were made to initially selected gains while the system was in
operation to improve its response. Although this approach was not ideal due to the
inability to fully test new gain values. More thorough testing of the controls in a
laboratory would help identify the proper gains needed to improve the response of the
heat pump. Also the additional laboratory testing should be done to identify the optimal
compressor speed when running in two-stage mode and what should the top speed be
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during single-stage before switching to two-stage. The optimal compressor speed in twostage would maximize the COP. The top speed in single-stage would be set by locating
when the COP is the same or less than the COP when in two-stage. Further investigations
would be needed to also account for system losses when the heat pump starts entering
two-stage mode, such as changes in pressures and temperatures. These improvements
would eliminate any negative impact of the controls on the heat pump performance.
7.2

Liquid Refrigerant

The presence of liquid refrigerant at start-up was due to refrigerant migration
during shut-down. One approach that was explored but not fully tested was to pump
down the system before the compressors were shut-down. The expansion valve was
closed when the heating load was satisfied, and the compressor ran for an extra 15-30
seconds. The goal was to pump refrigerant into the high pressure side of the system to be
trapped between the discharge valve of the compressor and the closed expansion valve at
compressor shut-down. Emerson does not recommend this approach but the reasoning
was not known. Further discussions would be needed before fully applying this approach.
Also this technique is subject to the quality of the sealing for both the expansion valve
and the discharge valve. When the system is off, the high pressure could comprise a poor
seal and result in an increase of refrigerant mass on the suction side of the compressor. A
similar approach that was also attempted but not extensively tested was to start the
compressor with the expansion valve closed. The thought here is to quickly boil off any
liquid refrigerant on the low pressure side to reduce the amount of time with liquid
refrigerant entering the suction port of the compressor. The second method is not
recommended due to the potential for a vacuum to be created which would allow
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containments to enter the system. Oil sump heaters are recommended and were installed
on both compressors to prevent this, although this is not ideal due to the consumption of
electricity during off-cycles. Additional testing is needed to evaluate the effectiveness of
oil sump heaters in preventing the negative aspect of liquid refrigerant entering the
suction port of the compressor while in operation.
7.3

Expansion Valve

A couple of complications were encountered with the EcoFlow expansion valve;
calibration of the superheat sensor and proper superheat control. Both of these issues
were assumed to be due to a lack of subcooling reaching the valve. A significant number
of components are between the outlet of the condenser and the inlet of the expansion
valve. A large amount of pressure drop was seen between these two locations and is
believed to be from these components. Adding a bypass line around the unused
economizer heat exchanger during single-stage heating would help. Increasing the line
size or using different check valves on the receiver could help with reducing the pressure
drop from the receiver.
7.4

Oil Management

Due to the problems encountered with the compressor operation and the number
of components in the system, changes to the oil management system are recommended.
Ensuring enough oil is always returning to the compressor is important due the large
number of places where oil can become trapped in the system. Eliminating an oil
separator would reduce the initial cost of the system. An improved oil equalization
strategy can allow for continuous operation or shorter shut-down periods to equalize oil.
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7.4.1

Oil Return

The compressor speed was increased periodically during single-stage heating to
increase the refrigerant velocity for a short time. Higher flow speeds allow for the
entrapment of oil in the refrigerant to ensure oil removal at locations where low
refrigerant velocities result in the oil dropping out from the stream. One approach is to
decrease the size of the piping on the suction side to result in higher velocities. This does
come at the cost of higher pressure drop but would be beneficial if it guaranteed proper
oil return rates.
When designing the piping layout for the fabrication plan of the heat pump, it is
recommended that the flow path between two-stage and single-stage are compared. Due
to the presence of unused components during single-stage operation, the mixing chamber,
low-stage compressor, and one side of the economizer heat exchanger, the oil can
become separated from the refrigerant stream. A detailed discussion on the recommended
piping methods to prevent this is found in a master’s thesis (Kultgen 2013).
7.4.2

One Separator

Eliminating one oil separator on the system would help to reduce the cost, system
footprint, and complexity of the refrigerant piping. The target separator would be the
low-stage since the high-side compressor is used during every operation mode. Returning
oil separated from the high-side compressor to the inlet piping of the accumulator is one
recommendation given to provide oil flow to both compressors regardless of the
operation mode (Kultgen 2013). When a separator is eliminated, the oil equalization
strategy becomes critical to prevent compressor failure from an imbalance of oil between
both compressors.
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7.4.3

Equalization Line

During the field demonstration the oil equalization line was not opened until both
compressors were shut-down, and the intermediate and low pressure readings were equal.
This way oil flow between the compressors was gravity driven due to a height difference
in oil levels. To maintain some heat output of the system, inefficient electric reheat was
used during this equalization. Ideally, the high-side compressor would continue to
operate and generate heat similar to single-stage mode. One approach to achieve this is
by inserting the equalization line at a height specified by the manufacturer. The pipe
would be located on the compressor shell to bleed off oil until the required operating oil
level was reached. The concern with this approach is while the compressor is running, the
oil level is volatile and a height based approach would not work.
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CHAPTER 8. CONCLUSIONS

The field demonstration of an air-source, two-stage heat pump with economizing
was able to show a primary energy and CO2 emissions reduction when compared to a
natural gas furnace. The residential cost of operating the heat pump was almost
equivalent to operating a natural gas furnace but the low DoD utility prices resulted with
the heat pump being almost 45% higher than a furnace to operate. Using ASHRAE
Standard 55 to evaluate the thermal comfort of both systems had the heat pump reaching
comfort levels for a majority of the data sets. The installation and maintenance of the heat
pump is comparable to a standard air-source heat pump.
Using an updated TRNSYS model from experimental data, the seasonal heating
COP was predicted to be about 2.25 and a heating seasonal performance was predicted at
7.7 BTU/W-hr. Overall the performance of the system is positive since the heat pump is
able to have COPs higher than 2 at cold ambient temperatures. Due to the complications
that were encountered during the field demonstration, several recommendations are
provided on what changes are needed for the control program and on the fabrication of
the system. Field testing the heat pump was able to identify complications with this type
of heat pump before a full-scale commercialization can be done.
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Appendix A

Heat Pump Fabrication Materials (Kultgen 2013).

Table A-1: Heat Pump Fabrication Equipment and Material List (Kultgen 2013).
Description
Low Pressure Sensor (0 200psi)
Intermediate Pressure Sensor (0
- 500psi)

Manufacturer

Model/Item No.

Qty/CCHP

Setra

2091200PGL41102

1

Setra

2091500PGL41102

1

High Pressure Sensor (0 1000psi)

Setra

209110CPGL41102

2

Frame
Frame Top

Herrick
Herrick

N/A
N/A

1
1

Frame Caster Wheels

MSC Industrial
Supply Co.

2276350

4

Current Switch

Functional
Devices

RIBXGF

2

Pipe Temperature Sensors
(Probe Thermistors)

BAPI

BA/10K-2[XP]RPP-5'-BB

4

Emerson

ZPV60K1E

1

Emerson

ZP54K5E

2

Trane

Xl16i 5-ton

1

Indoor Heat Exchanger and Fan
(Air handler)

Trane

4TEE3F66A1000AA

1

Primary Expansion Valve
EXV

Danfoss
Trane

1
1

TXV

Trane

EcoFlow
component of Xl16i
component of Air
Handler

Economizer (Flat Plate Heat
Exchanger)

GEA

Receiver Check Valves

Mueller

A17935

4

Receiver

Standard Refrig
Company

L413

1

Accumulator

Refrigeration
Research

3706

1

High Stage Compressor
Low Stage Tandem
Compressors
Outdoor Heat Exchanger and
Fan (Heat Pump)

1
1
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Table A-1 continued.
Description

Manufacturer

Model/Item
No.

Qty/CCHP

High Pressure Switch
(0 - 600psi)

Mercoid

Series DA/DS

2

Beacon
Mueller
Sporlan

SLP1032
A17939
E195270-HP

1
1
1
1

Sporlan

E35130

1

3020-300

1

Henry Technologies

5233A - 600

1

Superior

3020300

1

Packless Industries

12VS

1

Packless Industries

118VS

1

Packless Industries

34VS

1

Packless Industries

58VS

1

Low Pressure Switch
Bypass Check Valve
Bypass Solenoid
Bypass Valve
Oil Equalization
Solenoid
Oil Equalization
Valve
High Pressure Relief
Valve (600psi)
Intermediate Pressure
Relief Valve (300psi)
1/2 Vibration
Absorber
1 - 1/8 Vibration
Absorber
3/4 Vibration
Absorber
5/8 Vibration
Absorber
24DC - 24VAC
Relays
24VAC 120/240VAC Relays
Low Stage
Compressor
Capacitor

IDEC

14

Cutler Hammer

C25BNB240T

3

International Refrig
Products

CR80X370

2

SCR Controller

Omega Engineering

SCR192-24080

1

Electric Reheat
Hi Oil Separator
Lo Separator
Oil Filter
Oil line ball valve

Trane
Henry Technologies
Henry Technologies
Sporlan Catch All

S5585
S-5587
OF-303-BP

1
1
1
2
1
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Table A-1 continued.
Description

Manufacturer

Model/Item No.

Qty/CCHP

3/8 Ball Valves

KEEPRITE
Refrigeration

38BVT

2

Herrick
Catch All
Trane
Sporlan See All
Sporlan See All
Automated
Logic
Automated
Logic
Automated
Logic

N/A
HPC-103-S
component of Xl16i
SA-13S
SA-19S

1
1
1
1
1

ME812u

1

MEx816u

1

MEx48u

1

Control Wire

Honeywell

18/2stroascmp/ft61mrlnat

2

Dampers
Damper Actuators
Velocity Sensor
Transformer

Tamco
Belimo
Ebtron
RIB

1500 Series
LF24-S
ELF/F00
PSMN500A

4
4
1
1

Duct Temperature
Sensors

BAPI

BA/10K-2D-12"

2

Electric Meters + Kit
Gas Meter

Veris Industries
Sage

E50C2
SIP-050-AC115-NG

3
1

Indoor
Temperature/RH
Sensors

BAPI

BA/10K-2-H300-R

5

Outdoor
Temperature/RH
Sensor

BAPI

BA/10K-2-H300-O-WP

1

All in one Computer

Lenova

C2 Series

1

Mixing Chamber
Filter/Dryer
4 Way Valve
3/8 Sight Glass
7/8 Sight Glass
Main Controller
Expander 1
Expander 2
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Appendix B

Heat Pump Control Programs.

Figure B-1: PI Controller for Heating and Cooling.

Figure B-2: Enable Different Heat Pump Operating Modes.

Figure B-3 High Stage Compressor Speed Control.
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Figure B-4: Two-stage Enable and Disable.

Figure B-5: Electric Reheat.

Figure B-6: 4-Way Valve, Indoor and Outdoor Fans, EXV.
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Figure B-7: EcoFlow Electronic Expansion Valve.

Figure B-8: Traditional Defrost.

Figure B-9: Oil Management.
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Figure B-10: Alarm for System Engage or Disengage.

Figure B-11: Alarm for System Superheats.

Figure B-12: Alarm for Discharge Temperature.

Figure B-13: Alarm for EcoFlow.
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Figure B-14: Alarm for Indoor and Outdoor Fan Operation.

Figure B-15: Alarm on System Pressure.

Figure B-16: Alarm from Variable Speed Compressor Manufacturer.
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Figure B-17: Alarm on High/Low Zone Temperature.

Appendix C

Quantity and Frequency of Raw Data.

Table C-1: Heat Pump System Temperatures.

Feb. 14-15th 2013 35.53

27,804

Oct. 12-13th 2012

15.51

6,205

Oct. 15-16th 2012

22.42

8,971

Oct. 25-26th 2012

31.12

12,471

Oct. 27th 2012

13.92

5,573

Jan. 4-5th 2013

22.09

26,511

Jan. 10-17th 2013 160.34 179,989
Jan. 25th 2013

19,106

Feb. 14-15th 2013 32.92

39,517

3727
1 min
591
1 min
2140
1 min
931
1 min
1346
1 min
1871
1 min
836
1 min
1326
1 min
9620
1 min
1006
1 min
1977
1 min

1326
1 min
9620
1 min
1006
1 min
1977
1 min

Return Air
Temperature

3727
1 min
591
1 min
2140
1 min
931
1 min
1346
1 min
1871
1 min
836
1 min
1326
1 min
9620
1 min
1006
1 min
1977
1 min

C2 Suction
Temperature
Supply Air
Temperature

3727
1 min
591
1 min
2140
1 min
931
1 min
1346
1 min
1871
1 min
836
1 min
1326
1 min
9620
1 min
1006
1 min
1977
1 min

C2 Sump
Temperature

3727
1 min
591
1 min
2140
1 min
931
1 min
1346
1 min
1871
1 min
836
1 min
1326
1 min
9619
1 min
1006
1 min
1977
1 min

C2 Motor
Temperature

3727
1 min
591
1 min
2140
1 min

7441
7441 7441
30 sec 30 sec 30 sec
591
591
591
591
1 min 1 min 1 min 1 min
2140
2140 2140 2140
1 min 1 min 1 min 1 min

2651
30 sec
19087
30 sec
6031
10 sec
11848
10 sec

2651
30 sec
19087
30 sec
2011
30 min
3951
30 sec

3727
3727
1 min
1 min
591
591
1 min
1 min
2140
2140
1 min
1 min
310
310
3 min
3 min
448
448
3 min
3 min
626
626
3 min
3 min
279
279
3 min
3 min
2651
1326
7951
30 sec
1 min
10 sec
19087
9620
45768
30 sec
1 min 10 sec - 1 min
2011
1006
1006
30 sec
1 min
1 min
3951 1977 1977
1977
30 sec 1 min 1 min
1 min
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16.76

7441
30 sec
1184
30 sec
4264
30 sec
1861
30 sec
2691
30 sec
3735
30 sec
1671
30 sec
2651
30 sec
19241
30 sec
2011
30 sec
3951
30 sec

C2 Scroll
Temperature

7,685

Outdoor HX Liquid
Temperature

9.87

Outdoor HX Gas
Temperature

Feb. 13-14th 2013

Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.

Indoor HX Liquid
Temperature

55,853

Indoor HX Gas
Temperature

Total Data Points

62.01

Accumulator
Temperature

Total Hours
Feb. 1-4th 2013

Time Points

Building 114

Building 113

System Temperatures

Table C-2: Heat Pump Pressures and Variable Speed Compressor Operation.

Building 113

Feb. 1-4th 2013
Feb. 13-14th 2013
Feb. 14-15th 2013
Oct. 12-13th 2012
Oct. 15-16th 2012

Building 114

Oct. 25-26th 2012
Oct. 27th 2012
Jan. 4-5th 2013
Jan. 10-17th 2013
Jan. 25th 2013

7441
30 sec
1184
30 sec
4264
30 sec
1861
30 sec
2691
30 sec
3735
30 sec
1671
30 sec
2651
30 sec
19241
30 sec
2011
30 sec
3951
30 sec

3727
3727
1 min
1 min
591
591
1 min
1 min
2140
2140
1 min
1 min
466
466
2 min
2 min
673
673
2 min
2 min
937
937
2 min
2 min
418
418
2 min
2 min
663
663
2 min
2 min
4811
4811
2 min
2 min
2011
930
30 sec 2 min - 30 sec
3951
3951
30 sec
30 sec

1320
COV
430
COV
1534
COV
931
1 min
1346
1 min
1871
1 min
836
1 min
1326
1 min
9620
1 min
1056
1 min
1977
1 min

537 355 247 21 1807
COV COV COV COV COV
48
117 54
630
COV COV COV
COV
290 460 252 35 1515
COV COV COV COV COV

1346
1 min
1871
1 min
836
1 min
1326
1 min
9620
1 min
1006
1 min
1977
1 min

1197
COV
514
COV
1272
COV
187
5 min
270
5 min
377
5 min
168
5 min
266
5 min
1925
5 min
144
5 min
333 113 12 5936 806
COV COV COV COV COV

C2 Torque

Torque Limit

C2 Speed
Command

C2 Speed
Feedback

C2 DC Bus Voltage

C2 AC Voltage

C2 Amps Drawn

C2 Mdot EQ

C2 PWR EQ

Low Pressure

Intermediate
Pressure

High Pressure

3727
3727
1 min
1 min
591
591
1 min
1 min
2140
2140
1 min
1 min
1861
466
30 sec
2 min
2691
673
30 sec
2 min
3738
937
30 sec
2 min
1671
418
30 sec
2 min
2651
663
30 sec
2 min
19216
4811
30 sec
2 min
2011
928
30 sec 2 min - 30 sec
3951
3951
30 sec
30 sec

C2 Compressor Operation

84
COV
28
COV
167
COV

1195
COV

9485
1 min
1006
1 min
1977
1 min
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Feb. 14-15th 2013

Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.

Outdoor Pressure

Time Points

System Pressures

Table C-3: Energy Consumption and Supeheat and Subcooling.

Feb. 13-14th 2013
Feb. 14-15th 2013
Oct. 12-13th 2012
Oct. 15-16th 2012

Building 114

Oct. 25-26th 2012
Oct. 27th 2012
Jan. 4-5th 2013
Jan. 10-17th 2013
Jan. 25th 2013
Feb. 14-15th 2013

Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.

7441
30 sec
1184
30 sec
4264
30 sec
1861
30 sec
2691
30 sec
3735
30 sec
1671
30 sec
2651
30 sec
19241
30 sec
2011
30 sec
3951
30 sec

168
5 min
266
5 min
1926
5 min
123
COV
203
COV

266
5 min
1926
5 min
115
COV
347
COV

467 757 467
4828
4828
COV 5 min COV
1 min 30 sec - 1 min
44
119
44
1181 1181 1181 1181
1181
COV 5 min COV 30 sec 30 sec 30 sec 30 sec
30 sec
214 442 224 4265 4265 4265 4265
4265
COV 5 min COV 30 sec 30 sec 30 sec 30 sec
30 sec
187
5 min
270
5 min
377
5 min
116 168 118
COV 5 min COV
266 266 266
1326
2651
5 min 5 min 5 min
1 min
30 sec
1926 1926 1926
9620
19087
5 min 5 min 5 min
1 min
30 sec
99
202 103
1006
2011
COV 5 min COV
1 min
30 sec
179 398 182 3951 3951 3951 1977
3951
COV 5 min COV 30 sec 30 sec 30 sec 1 min
30 sec

EcoFlow Superheat

Measured Superheat

Accumulator Superheat

C2 Entering Superheat

Amount of Extra
Subcooling (Two-Stage)

Amount of Initial
Subcooling (Two-Stage)

Heat Pump kWh

Heat Pump kW

177
COV
59
COV
293
COV
47
20 min
217
5 min
377
5 min

Superheat & Subcooling

Heat Pump kVAh

6633
COV
30
COV
430
COV

Therms

Furnace kWh

Furnace kW

Furnace kVAh

85
757
85
COV 5 min COV
8
119
7
COV 5 min COV
335 442 354
COV 5 min COV
187
5 min
270
5 min
377
5 min
29
168
25
COV 5 min COV
266 266 266
5 min 5 min 5 min
1926 1926 1926
5 min 5 min 5 min
202
5 min
38
398
30
COV 5 min COV

Furnace Natural Gas
SCFh

Feb. 1-4th 2013

Furnace Natural Gas
SCF

Building 113

Time Points

Energy Consumption

38940
COV
5919
COV
16395
COV

2651
30 sec
19087
30 sec
2011
30 sec
3951
30 sec
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Table C-4: Building Conditions.

2
COV

Heating PID
Percentage

Air Velocity

South-West
Relative Humidity

Feb. 14-15th 2013

South-West
Temperature

Jan. 25th 2013

2
COV

South-East
Relative Humidity

Jan. 10-17th 2013

South-East
Temperature

Jan. 4-5th 2013

16
COV

North-West
Relative Humidity

Oct. 27th 2012

377
10 min
60
10 min
229
10 min
34
COV
54
COV
69
COV
21
COV
399
5 min
2608
5 min
202
5 min
398
5 min

North-West
Temperature

Building 114

Oct. 25-26th 2012

1264
COV
23
COV
172
COV
310
3 min
448
3 min
626
3 min
84
10 min
663
2 min
4811
2 min
503
2 min
433
2 min

North-East
Relative Humidity

Oct. 15-16th 2012

11
COV

North-East
Temperature

Oct. 12-13th 2012

1869
115
2 min
COV
296
85
2 min
COV
1077
191
2 min
COV
931
1 min
1346
1 min
1871
1 min
836
1 min
1326
663
1 min
2 min
9620
4811
1 min
2 min
1006
373
1 min 2 min - COV
1977
76
1 min
COV

Outdoor Relative
Humidity

Feb. 14-15th 2013

7441
30 sec
1184
30 sec
4264
30 sec
1861
30 sec
2691
30 sec
3735
30 sec
1671
30 sec
2651
30 sec
19241
30 sec
2011
30 sec
3951
30 sec

Outdoor
Temperature

Feb. 13-14th 2013

Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.

Indoor Control
Temperature

Feb. 1-4th 2013

Heating Setpoint

Building 113

Time Points

Building Conditions

756
5 min
119
5 min
442
5 min

756
5 min
119
5 min
442
5 min

756
5 min
119
5 min
442
5 min

756
5 min
119
5 min
442
5 min

756
5 min
119
5 min
442
5 min

756
5 min
119
5 min
442
5 min

756
5 min
119
5 min
442
5 min

756
5 min
119
5 min
442
5 min

756
5 min
119
5 min
442
5 min

133
10 min
902
10 min
202
5 min
398
5 min

133
10 min
902
10 min
202
5 min
398
5 min

133
10 min
902
10 min
202
5 min
398
5 min

133
10 min
902
10 min
202
5 min
398
5 min

133
10 min
902
10 min
202
5 min
398
5 min

133
10 min
902
10 min
202
5 min
398
5 min

133
10 min
902
10 min
202
5 min
398
5 min

133
10 min
902
10 min
202
5 min
398
5 min

133
10 min
902
10 min
202
5 min
398
5 min

124

Table C-5: Parameters of System Operation.

Building 113

Feb. 1-4th 2013
Feb. 13-14th 2013
Feb. 14-15th 2013
Oct. 12-13th 2012
Oct. 15-16th 2012

Building 114

Oct. 25-26th 2012
Oct. 27th 2012
Jan. 4-5th 2013
Jan. 10-17th 2013
Jan. 25th 2013

7441
30 sec
1184
226
30 sec
COV
4264 17 789
30 sec COV COV
1861
30 sec
2691
30 sec
3735
30 sec
1671
30 sec
2651
30 sec
19241
30 sec
2011
30 sec
3951
795
30 sec
COV

Electric Reheat
Relay On/Off

SCR Percentage

EXV Close

EXV Power On/Off

Outdoor Fan
Command On/Off
Outdoor Fan
Status On/Off

C2 Driver On/Off

C1 Sump Heater
On/Off
C2 Sump Heater
On/Off

C1 On/Off

4-Way Valve
On/Off
Indoor Fan
Command On/Off
Indoor Fan Status
On/Off

Valve 3 On/Off

Valve 2 On/Off

20
15
13
23
20
35
31
29
39
COV COV COV COV COV COV COV COV COV

34
51 33
COV COV COV

28
21
COV COV

32
17
15
15
32
42
25
25
28
COV COV COV COV COV COV COV COV COV

32
46 25
COV COV COV

18
28
COV COV

266
5 min
4 1925
COV 5 min

266
5 min
1925
5 min

266
5 min
1925
5 min

266
266
5 min
5 min
1925 131 1925
5 min COV 5 min
144
11
5 min
COV
3
2
2
6
3
4
5
COV COV COV COV COV COV COV

663
2 min
4811
2 min
381
2 min
4
COV

663
266
2 min
5 min
4811 4 1925
2 min COV 5 min
381
144
2 min
5 min
14
11
7
COV COV COV

13
COV
223
COV

12
COV

266
5 min
29 1925
COV 5 min
144
5 min
8
COV

266
5 min
1925
5 min
144
5 min
6
COV
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Feb. 14-15th 2013

Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.
Num.
Freq.

EcoFlow Lost
Steps
EcoFlow Opening
Degree Percent
EcoFlow Power
On/Off

Time Points

System Operation
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Appendix D

MATLAB Codes.

M-file to align the raw data from an excel file
clear all;
close all;
clc;
%The program reads in raw data from an Excel spreadsheet and aligns
%the data according to the time stamp.
%Written by Stephen Caskey
%03/05/2013
%Read in the Excel spreadsheet
filename = input('Enter the file name and location to be loaded\n','s');
%Places all data as numbers for num matrix, all texts in txt matrix,
and
%complete copy of the excel file in raw matrix.
[num,txt,raw] = xlsread(filename);
%determines the largest range of time for the raw data
%must have time values in third column of raw data
time_max = max(num(:,3));
time_min = min(num(:,3));
t_range = time_max - time_min;
%number of seconds between time values
t_step = 30;
%number of seconds of the range
num_rows = round(t_range*(86400/t_step)) + 1;
time = zeros(num_rows,1);
time(1,1) = time_min;
i = 2;
%create the time array that is incremented by seconds, Excel values
while (i <= num_rows)
time(i,1) = time(i-1,1) + (t_step/86400);
i = i+1;
end
%convert Excel array into Matlab date
time_m = x2mdate(time,0);
%convert Matlab date number into string date
time_m_str = datestr(time_m,'dd-mmm-yy HH:MM:SS AM')[raw_r, raw_c] =
size(num);
TID = num(1,1);
label(1,:) = {'TID','time'};
label(2,:) = [num2str(TID),txt(2,2)];
i = 1;
nr = 3;
%create an array that corresponds the TID with its label
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while (i <= raw_r)
%saves the label for the newly encountered TID
if (num(i,1) ~= TID)
%requires the TID within the first column and data label in the
%second column
TID = num(i,1);
label(nr,:) = [num2str(TID),txt(i+1,2)];
i = i + 1;
nr = nr + 1;
end
i = i + 1;
end
label = transpose(label);
%row number is number of time points and column number is
align_data = zeros(num_rows,nr-2);
TID = num(1,1);
%fifteen seconds
fif_s = 15/86400;
c_TID = 1;
i = 1;
%
t = 1;
%sum counter for number of entries in one time location
s = 1;
%keep looping until all the rows of the raw data are processed
while (i <= raw_r)
%keep looping until a new TID number is encountered
while (num(i,1) == TID)
%keep looping until a time value is outside the 30 sec range to
%ensure all data is grouped with the correct time location
while (num(i,3)>=(time(t,1)-fif_s)&&num(i,3)<=(time(t,1)+fif_s))
%averages new entries with pre-existing entries
align_data(t,c_TID) = (num(i,4) + align_data(t,c_TID))/s;
%increment counter to account for multiple entries
s = s + 1;
%increment counter to move to next row of raw data
i = i + 1;
if (i > raw_r || num(i,1) ~= TID)
break;
end
end
%increment the row counter for the time matrix
t = t + 1;
%reset multiple entry counter
s = 1;
if (t > num_rows || i > raw_r)
break;
end
end
if (i > raw_r)
break;
end
TID = num(i,1);
c_TID = c_TID + 1;
t = 1;
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end
%combine matrices
combine = [time,align_data];
%Name the Excel spreadheet
filename = input('Enter the file name to export sorted data.\n','s');
%Write an Excel spreadsheet, combine on sheet 1 and lable on sheet 2
xlswrite(filename, combine,1);
xlswrite(filename, label,2);

M-file for processing the aligned raw data
function [label,combine,col_num] = ProcessAlignedData()
[label,time,align_data_lin,align_data_spl,align_data_mov] =
AlignedData();
%The following program reads in the sorted and aligned raw data to
execute
%performance, operation, and comfort calculations
%The results are exported as an excel file that is to be later read by
a
%plotting program that will generate all graphs of interest.
%Written by Stephen Caskey
%05/02/2013
%--------------------------PROCESS ALIGNED DATA--------------------------%
%variable used to keep the while loop true while waiting for a correct
%entry
loop = 1;
%decide which sorted data to use for the analysis
while (loop)
data_sel = input('\nSelect which sorted data set to use:\n 1.linear
interpolation\n 2.spline interpolation\n 3.moving average, then linear
interpolation\n');
if (data_sel == 1)
align_data = align_data_lin;
loop = 0;
elseif (data_sel == 2)
align_data = align_data_spl;
loop = 0;
elseif (data_sel == 3)
align_data = align_data_mov;
loop = 0;
else
disp('Please select a valid entry, a number 1-3');
loop = 1;
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end
end
%----------------identify column numbers for each variable---------------%
%display label entries to identify the correct column numbers for each
%measurement
disp(transpose(label));
%compressor speed feedback
speed_fb = input('Enter column number for C2 speed feedback.\n If no
speed feedback data, enter column number for C2 speed command.\n');
%compressor speed command
speed_ctrl = input('Enter column number for C2 speed command.\n');
%electric consumption of the entire heat pump
W_elec_hp = input('Enter column number for heat pump power
consumption.\n');
%set the variable to be 1 or 2 to double the electric consumption
dbl_elec_hp = input('Enter 2 to double the electric consumption of the
heat pump to correct the measurement.\n');
%instantaneous electric power consumption of the conventional furnace
W_elec_furn = input('Enter column number for furnace power
consumption.\n');
%Standard Cubic Feet of natural gas consumed by the furnace
SCF = input('Enter column number for SCF of natural gas consumed by the
furance.\n');
%Heating percentage from PID controller
HT_per = input('Enter column number for heating percentage from PID
controller.\n');
%Electric reheat relay
elec_reheat = input('Enter column number for electric reheat relay.\n');
%--------------------------------pressures-------------------------------%
%condensing pressures
P_cond = input('Enter column number for high pressure.\n');
%evaporating pressures
P_evap = input('Enter column number for low pressure.\n');
%intermediate pressures
P_int = input('Enter column number for intermediate pressure.\n');
%liquid line pressure on outdoor unit
P_out = input('Enter column number for outdoor pressure.\n');
%-------------------------------temperatures-----------------------------%
%sump temperature of variable speed compressor
T_sump = input('Enter column number for C2 sump temperature.\n');
%scroll temperature of variable speed compressor
T_scroll = input('Enter column number for C2 scroll temperature.\n');
%accumulator temperature
T_accum = input('Enter column number for accumulator temperature.\n If
no accumulator data, enter column number for outdoor HX gas line
temperature.\n');
%ambient outdoor temperature
T_out = input('Enter column number for outdoor temperature.\n');
%temperatures on the condenser
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T_IDHX_gas = input('Enter column number for gas line on indoor HX
temperature.\n');
T_IDHX_liq = input('Enter column number for liquid line on indoor HX
temperature.\n');
%temperatures on the evaporator
T_ODHX_gas = input('Enter column number for gas line on outdoor HX
temperature.\n');
T_ODHX_liq = input('Enter column number for liquid line on outdoor HX
temperature.\n');
%air tempertures before and after the condenser
T_supply = input('Enter column number for air supply temperature.\n');
T_return = input('Enter column number for air return temperature.\n');
%indoor control temperature
T_ctrl = input('Enter column number for indoor control temperature.\n');
%ceiling temperatures of the building for all four zones
T_sw = input('Enter column number for south-west zone temperature.\n');
T_se = input('Enter column number for south-east zone temperature.\n');
T_nw = input('Enter column number for north-west zone temperature.\n');
T_ne = input('Enter column number for north-east zone temperature.\n');
%--------------------------------dimensions------------------------------%
%Inner pipe diameter of the suction line between accumulator and
compressor
ID_suc = input('Enter the inner diameter of the suction pipe
[inches].\n');
%convert measurement from inches to meters
ID_suc = ID_suc*0.0254;
%-------------------------Variable speed compressor----------------------%
%Electric consumption curve fit 12-coefficients using
%condensing/evaporating pressures and speed obtained from MATLAB file
%labeled "compressor_2"
Q_qdotel = [-39.6393435248024;1.52079472801234;0.0246755269438403;2.82262153449561;-8.95084638570318e05;8.44191050481592e-05;-2.73579306899086e-06;2.08345199016649e-06;0.172420370699850;3.89867557714340e05;0.00112235209267500;0.00165607503149983;];
%Mass flow rate curve fit 8-coefficients using condensing/evaporating
%pressures and speed from MATLAB file "compressor_2"
Q_mdot = [47.0622497364534;-0.661767823961705;-0.120266285535563;0.000215883440580260;0.00173935059435181;0.00769629335949565;0.00136278818786812;-6.45335099554741e-06;];
%generate function used to calculate electric conumption
g_qdotel = @(p_e, p_c, n) [ones(size(p_e)), p_e, p_e.*p_c, p_c, p_e.^3,
p_e.^2.*p_c, p_e.*p_c.^2, p_c.^3, n, n.^2, n.*p_e, n.*p_c];
%generate function used to calculate mass flow rate
g_mdot = @(p_e, p_c, n) [ones(size(p_e)), p_e, p_c, p_c.^2, p_e.*p_c, n,
n.*p_e, n.*p_c];
[num_rows,num_col] = size(align_data);
%checks to see if the system is in two-stage operation and switches
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%the evaporating pressure reference when two-stage operation is
identified
two_stage = zeros(num_rows,1);
P_evap_c2 = zeros(num_rows,1);
Q_dot_el = zeros(num_rows,1);
M_dot = zeros(num_rows,1);
%cycle through all the rows of the aligned data
for i = 1:num_rows
if (align_data(i,P_int) > (align_data(i,P_evap)+10))
P_e = P_int;
two_stage(i,1) = 1;
else
P_e = P_evap;
two_stage(i,1) = 0;
end
%record the evaporating pressure for C2 compressor
P_evap_c2(i,1) = align_data(i,P_e);
%calculate electric consumption, Watts
Q_dot_el(i,1) =
g_qdotel(align_data(i,P_e),align_data(i,P_cond),align_data(i,speed_fb))
*Q_qdotel;
%calculate mass flow rate, lbm/hr
M_dot(i,1) =
g_mdot(align_data(i,P_e),align_data(i,P_cond),align_data(i,speed_fb))*Q
_mdot;
end
%convert mass flow rate from lbm/hr to kg/s, multiply by 0.000126
M_dot_kg_map = M_dot.*0.000126;
%-------------------------refrigerant properties-------------------------%
%refrigerant used
fluid = 'R410A.PPF';
%superheat for compressor maps
T_SH_map = 11.111111; %Kelvin - equal to 20F difference
%enthalpy in, gas, and out, liquid, of the condenser, kJ/kg
h_cond_out = zeros(num_rows,1);
h_cond_in = zeros(num_rows,1);
%enthalpy entering the EcoFlow
h_eco_in = zeros(num_rows,1);
%condensing, evaporating temperatures on C2
T_cond_c2 = zeros(num_rows,1);
T_evap_c2 = zeros(num_rows,1);
%system evaporating temperature
T_evap = zeros(num_rows,1);
%suction density
rho_suc = zeros(num_rows,1);
rho_map = zeros(num_rows,1);
%convert pressures from psi to kPa, multiply by 6.895
align_data(:,P_cond) = align_data(:,P_cond).*6.895;
align_data(:,P_evap) = align_data(:,P_evap).*6.895;
P_evap_c2(:,1) = P_evap_c2(:,1).*6.895;
%convert temperatures from F to K, subtract 32 and multiply by 5/9 and
add

132
%273.15 to the result
T_IDHX_liq_K = (align_data(:,T_IDHX_liq)-32).*(5/9) + 273.15;
T_IDHX_gas_K = (align_data(:,T_IDHX_gas)-32).*(5/9) + 273.15;
T_ODHX_liq_K = (align_data(:,T_ODHX_liq)-32).*(5/9) + 273.15;
T_accum_K = (align_data(:,T_accum)-32).*(5/9) + 273.15;
%RefProp function cannot handle arrays directly, therefore must
calculate
%each property element by element
for i=1:num_rows
if(align_data(i,P_cond)<=30 || align_data(i,P_out)<=30)
align_data(i,P_cond) = 30;
align_data(i,P_out) = 30;
end
if (align_data(i,P_cond) <= 30)
T_cond_c2(i,1) = 0;
else
T_cond_c2(i,1) =
refpropm('T','P',align_data(i,P_cond),'Q',1,fluid);
end
%calculate system evaporation temperature and prevent calculations
with
%a pressure the is below the triple point
if (align_data(i,P_evap) <= 30)
T_cond_c2(i,1) = 0;
else
T_evap(i,1) =
refpropm('T','P',align_data(i,P_evap),'Q',1,fluid);
end
%Prevents trying to calculate saturation temperature of a pressure
%below the triple point
if (P_evap_c2(i,1) <= 30)
T_evap_c2(i,1) = 0;
else
T_evap_c2(i,1) = refpropm('T','P',P_evap_c2(i,1),'Q',1,fluid);
end
%RefProp output enthalpy in joules, divide by 1000 to obtain kJ
h_cond_out(i,1) =
refpropm('H','T',T_IDHX_liq_K(i,1),'P',align_data(i,P_cond),fluid)/1000;
h_cond_in(i,1) =
refpropm('H','T',T_IDHX_gas_K(i,1),'P',align_data(i,P_cond),fluid)/1000;
h_eco_in(i,1) =
refpropm('H','T',T_ODHX_liq_K(i,1),'P',align_data(i,P_out),fluid)/1000;
%suction density from superheat and from compressor map
T_map = T_evap(i,1)+ T_SH_map;
if (T_evap(i,1) == 0)
rho_map(i,1) = -1E9;
else
rho_map(i,1) =
refpropm('D','T',T_map,'P',align_data(i,P_evap),fluid);
end
if (align_data(i,P_evap) <= 30)
rho_suc(i,1) = -1E9;
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else
rho_suc(i,1) =
refpropm('D','T',T_accum_K(i,1),'P',align_data(i,P_evap),fluid);
end
end
%convert temperatures from K to F
T_cond_c2 = (T_cond_c2 - 273.5).*(9/5) + 32;
T_evap_c2 = (T_evap_c2 - 273.5).*(9/5) + 32;
T_evap = (T_evap - 273.5).*(9/5) + 32;
%convert pressures back to psi from kPa, divide by 6.895
align_data(:,P_cond) = align_data(:,P_cond)./6.895;
align_data(:,P_evap) = align_data(:,P_evap)./6.895;
P_evap_c2(:,1) = P_evap_c2(:,1)./6.895;
%--------calculate mass flow rate using original 5 compressor maps-------%
M_dot_2_map = zeros(num_rows,1);
M_dot_c1_map = zeros(num_rows,1);
for i = 1:num_rows
n = align_data(i,speed_fb);
T_e = T_evap_c2(i,1);
T_c = T_cond_c2(i,1);
m_dot_1800 = 138.3 + 3.022*T_e + -0.2268*T_c + 2.69E-2*T_e^2 + 1.479E-2*T_e*T_c + 4.771E-3*T_c^2 + 3.133E-4*T_e^3 + -1.981E4*T_e^2*T_c + 1.563E-4*T_e*T_c^2 + -4.097E-5*T_c^3;
m_dot_2700 = 205.5 + 4.47*T_e + -0.1131*T_c + 4.035E-2*T_e^2 + 1.226E-2*T_e*T_c + 3.412E-3*T_c^2 + 3.133E-4*T_e^3 + -1.981E4*T_e^2*T_c + 1.563E-4*T_e*T_c^2 + -4.097E-5*T_c^3;
m_dot_3535 = 265.9 + 5.776*T_e + 0.03296*T_c + 5.283E-2*T_e^2 + 9.915E-3*T_e*T_c + 2.152E-3*T_c^2 + 3.133E-4*T_e^3 + -1.981E4*T_e^2*T_c + 1.563E-4*T_e*T_c^2 + -4.097E-5*T_c^3;
m_dot_4500 = 332.4 + 7.24*T_e + 0.2506*T_c + 6.725E-2*T_e^2 + 7.202E-3*T_e*T_c + 6.956E-4*T_c^2 + 3.133E-4*T_e^3 + -1.981E4*T_e^2*T_c + 1.563E-4*T_e*T_c^2 + -4.097E-5*T_c^3;
m_dot_7000 = 481.9 + 10.81*T_e + 1.057*T_c + 0.1046*T_e^2 + 1.718E-4*T_e*T_c + 3.078E-3*T_c^2 + 3.133E-4*T_e^3 + -1.981E4*T_e^2*T_c + 1.563E-4*T_e*T_c^2 + -4.097E-5*T_c^3;
if (0 < n <= 1800)
M_dot_2_map(i,1) = (m_dot_1800/1800)*n;
elseif (1800 < n <= 2700)
M_dot_2_map(i,1) = m_dot_1800 + (n-1800)*((m_dot_2700m_dot_1800)/(2700-1800));
elseif (2700 < n <= 3535)
M_dot_2_map(i,1) = m_dot_2700 + (n-2700)*((m_dot_3535m_dot_2700)/(3535-2700));
elseif (3535 < n <= 4500)
M_dot_2_map(i,1) = m_dot_3535 + (n-3535)*((m_dot_4500m_dot_3535)/(4500-3535));
elseif (4500 < n <= 7000)
M_dot_2_map(i,1) = m_dot_4500 + (n-4500)*((m_dot_7000m_dot_4500)/(7000-4500));
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else
M_dot_2_map(i,1) = 0;
end
%------------calculate mass flow rate of tandem, C1 compressor-----------%
if (two_stage(i,1) == 1)
T_e = T_evap(i,1);
T_c = T_evap_c2(i,1);
m_dot = 402.305 + 8.612*T_e + -1.7361*T_c + 7.946E-2*T_e^2 + 2.701E-2*T_e*T_c + 2.167E-2*T_c^2 + 3.9845E-4*T_e^3 + -2.965875E4*T_e^2*T_c + 2.26684E-4*T_e*T_c^2 + -1.20586E-4*T_c^3;
M_dot_c1_map(i,1) = 2*m_dot;
else
M_dot_c1_map(i,1) = 0;
end
end
%convert mass flow rate from lbm/hr to kg/s, multiply by 0.000126
M_dot_kg_2_map = M_dot_2_map.*0.000126;
M_dot_c1_map = M_dot_c1_map.*0.000126;
%correct mass flow rates for different superheats
M_dot_kg = M_dot_kg_map.*(1 + 0.75.*((rho_suc./rho_map) - 1));
M_dot_kg_2 = M_dot_kg_2_map.*(1 + 0.75.*((rho_suc./rho_map) - 1));
M_dot_c1 = M_dot_c1_map.*(1 + 0.75.*((rho_suc./rho_map) - 1));
%compare the two differnt mass flow rates, ideal cases have ratios of 1
M_dot_ratio = M_dot_kg./M_dot_kg_2;
%calculate the amount of heat transfer from the condenser, kW
delta_h_cond = h_cond_in-h_cond_out;
Q_cond = M_dot_kg.*(delta_h_cond);
Q_cond_2 = M_dot_kg_2.*(delta_h_cond);
%adjust kW measurement value due to measurement configured only to one
leg
%of power, results in a value of 1/2 the consumption
W_elec_hp_x2 = align_data(:,W_elec_hp).*dbl_elec_hp;
%remove power consumption of electric reheat to analyze the heat pump
%performance without reheat
for i=1:num_rows
if (elec_reheat == 1)
break;
elseif(align_data(i,elec_reheat) > 0)
W_elec_hp_x2(i,1) = W_elec_hp_x2(i,1) - 7.68;
end
end
%refrigerant velocity in the compressor suction line, m/s - use m_dot_2
%instead of m_dot since m_dot_2 calculates a lower mass flow rate and
thus
%would result in a slower, more extreme refrigerant velocity
V_suc = M_dot_kg_2./(rho_suc.*((pi/4)*ID_suc^2));
%pressure ratio across C2
P_ratio_C2 = align_data(:,P_cond)./align_data(:,P_evap);
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COP_h = zeros(num_rows,1);
COP_h_2 = zeros(num_rows,1);
for i=1:num_rows
if (Q_cond(i,1) < 0)
Q_cond(i,1) = 0;
end
if (Q_cond_2(i,1) < 0)
Q_cond_2(i,1) = 0;
end
if (W_elec_hp_x2(i,1) == 0)
COP_h(i,1) = 0;
COP_h_2(i,1) = 0;
else
%calculate the heating coefficient of performance
COP_h(i,1) = Q_cond(i,1)/W_elec_hp_x2(i,1);
COP_h_2(i,1) = Q_cond_2(i,1)/W_elec_hp_x2(i,1);
end
if(COP_h(i,1) <= 0 || COP_h(i,1) > 10)
COP_h(i,1) = 0;
end
if (COP_h_2(i,1) <= 0 || COP_h_2(i,1) > 10)
COP_h_2(i,1) = 0;
end
end
%seasonal heating COP calculated by taking the sum of the heat output
%divided by the sum of the electric consumption
COP_seasonal = sum(Q_cond)/sum(W_elec_hp_x2);
COP_seasonal_2 = sum(Q_cond_2)/sum(W_elec_hp_x2);
defrost = zeros(num_rows,1);
def_diff = 25; %allowed difference from 2700 RPM to say still in
defrost
def_temp = 100; %cut off temperature of indoor HX gas line for defrost
for i=1:num_rows
if (abs(align_data(i,speed_fb)-2700)<=def_diff &&
align_data(i,T_IDHX_gas)<def_temp)
defrost(i,1) = 1;
end
end
%determine which C2 operationational points are outside the compressor
map
%for certain speeds
c2_outside_enve = zeros(num_rows,1);
for i=1:num_rows
%eliminates 0 RPM speed from being tagged outside the envelope
if (align_data(i,speed_fb) <= 0)
c2_outside_enve(i,1) = 0;
%does not consider speeds during defrost that have low condensing
%temperatures
elseif (defrost(i,1) == 1)
c2_outside_enve(i,1) = 0;
%sets the box that the compressor map is within
elseif (T_evap_c2(i,1)<-20 || T_evap_c2(i,1)>60 ||
T_cond_c2(i,1)<70 || T_cond_c2(i,1)>150)
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c2_outside_enve(i,1) = 1;
%cuts off small area of the bottom right corner of overall box
elseif (T_cond_c2(i,1) < ((12/11)*T_evap_c2(i,1)+16.545))
c2_outside_enve(i,1) = 1;
%cuts off large area of the top right corner of the overall box
elseif (T_cond_c2(i,1) > ((55/52)*T_evap_c2(i,1)+111.154))
c2_outside_enve(i,1) = 1;
%cuts off small area at the top of the overall box
elseif (T_cond_c2(i,1) > ((5/28)*T_evap_c2(i,1)+139.286))
c2_outside_enve(i,1) = 1;
%considers only speeds at 1800 RPM
elseif (0 < align_data(i,speed_fb) && align_data(i,speed_fb) <=
1800)
%top limit on condensing temperature for 1800 RPM
if (T_cond_c2(i,1) > ((7/40)*T_evap_c2(i,1)+109.5))
c2_outside_enve(i,1) = 1;
%bottom limit on evaporating temperature for 1800 RPM
elseif (T_evap_c2(i,1) < 20)
c2_outside_enve(i,1) = 1;
end
%considers only speeds greater than 1800 RPM and less then or equal
to
%speeds of 2700 RPM
elseif (1800<align_data(i,speed_fb) && align_data(i,speed_fb)<=2700)
%top limit on condensing temperature for 2700 RPM
if (T_cond_c2(i,1) > ((4/37)*T_evap_c2(i,1)+133.51))
c2_outside_enve(i,1) = 1;
end
%considers only speeds greater than 6000 RPM and less then or equal
to
%speeds of 7000 RPM
elseif (6000<align_data(i,speed_fb) && align_data(i,speed_fb)<7000)
%top limit on condensing and evaporating temperature for 6000
RPM
if (T_evap_c2(i,1) > 40 || T_cond_c2(i,1) > 129)
c2_outside_enve(i,1) = 1;
end
%considers only speeds greater than 7000 RPM
elseif (7000 <= align_data(i,speed_fb))
%top limit on condensing and evaporating temperature for 7000
RPM
if (T_evap_c2(i,1) > 20 || T_cond_c2(i,1) > 120)
c2_outside_enve(i,1) = 1;
end
end
end
%filter out defrost, oil return, and cycling conditions to create a
steady
%state, SS, identifier that will be used to select proper condenser
heat
%heat transfer, COP and compressor speed values to generate curve fit
%equations based off experimental data that will modify the curve fit
%equations generated from the EES model
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ss = zeros(num_rows,1);
Q_cond_ss = zeros(num_rows,1);
COP_ss = zeros(num_rows,1);
ss_speed = zeros(num_rows,1);
T_out_ss = zeros(num_rows,1);
time_w = 5; %number of time steps back to compare the current speed
with
%allowable RPM difference in 5 time steps to identify as SS
ss_diff = 25;
%allowable temperature difference in 5 time steps to further filter the
%steady state identifier
ss_t_diff = 5;
for i=time_w:num_rows
%filter out varying speeds
if (abs(align_data(i+1-time_w,speed_fb)(align_data(i,speed_fb)))<=ss_diff)
%filter out changing indoor HX gas line temperature
if (abs(align_data(i+1-time_w,T_IDHX_gas)align_data(i,T_IDHX_gas))<=ss_t_diff)
%filter out any speeds that are outside the compressor
envelope
if (c2_outside_enve(i,1) == 0)
ss(i,1) = 1;
end
end
end
end
for i=1:num_rows
if (ss(i,1) == 1 && defrost(i,1) == 0)
Q_cond_ss(i,1) = Q_cond_2(i,1);
COP_ss(i,1) = COP_h_2(i,1);
ss_speed(i,1) = align_data(i,speed_fb);
T_out_ss(i,1) = align_data(i,T_out);
end
end

%combine matrices
combine =
[time,align_data,two_stage,COP_h,Q_cond,Q_cond_2,W_elec_hp_x2];
combine =
[combine,T_evap,P_evap_c2,T_evap_c2,T_cond_c2,V_suc,P_ratio_C2];
combine =
[combine,c2_outside_enve,M_dot_c1,M_dot_kg,M_dot_kg_2,defrost];
combine = [combine,Q_cond_ss,COP_ss,ss_speed,T_out_ss];
COP_matrix = [COP_seasonal,COP_seasonal_2];
%labels for all calculated values
Q_cond_lab = {' ';'Q_cond'};
Q_cond_2_lab = {' ';'Q_cond_2'};
two_lab = {' ';'two stage'};
cop_lab = {' ';'COP_h'};
W_hp_lab = {' ';'W_elec_hp'};
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T_evap_lab = {' ';'T_evap'};
P_evap_c2_lab = {' ';'P_evap_c2'};
T_evap_c2_lab = {' ';'T_evap_c2'};
T_cond_c2_lab = {' ';'T_cond_c2'};
V_suc_lab = {' ';'Suction Velocity'};
P_ratio_lab = {' ';'C2 Pressure Ratio'};
c2_outside_enve_lab = {' ';'Outside_C2_enve'};
M_dot_c1_lab = {' ';'M_dot [kg/s] C1'};
M_dot_kg_lab = {' ';'M_dot [kg/s] C2'};
M_dot_kg_2_lab = {' ';'M_dot_2 [kg/s] C2'};
defrost_lab = {' ';'Defrost'};
Q_cond_ss_lab = {' ';'SS - Q_cond'};
COP_ss_lab = {' ';'SS - COP'};
ss_speed_lab = {' ';'SS - Speed'};
T_out_ss_lab = {' ';'SS - T_out'};
COP_seasonal_lab = {' ';'COP_seasonal'};
COP_seasonal_2_lab = {' ';'COP_seasonal_2'};
label = [label,two_lab,cop_lab,Q_cond_lab,Q_cond_2_lab,W_hp_lab,];
label = [label,T_evap_lab,P_evap_c2_lab,T_evap_c2_lab,T_cond_c2_lab];
label = [label,V_suc_lab,P_ratio_lab,c2_outside_enve_lab];
label = [label,M_dot_c1_lab,M_dot_kg_lab,M_dot_kg_2_lab,defrost_lab];
label = [label,Q_cond_ss_lab,COP_ss_lab,ss_speed_lab,T_out_ss_lab];
label = [label,COP_seasonal_lab,COP_seasonal_2_lab];
%column numbers for important measurements
col_num = [speed_fb;speed_ctrl;W_elec_hp;W_elec_furn;SCF;HT_per];
col_num =
[col_num;elec_reheat;P_cond;P_evap;P_int;P_out;T_sump;T_scroll];
col_num = [col_num;T_accum;T_out;T_IDHX_gas;T_IDHX_liq;T_ODHX_gas];
col_num =
[col_num;T_IDHX_liq;T_supply;T_return;T_ctrl;T_sw;T_se;T_nw;T_ne];
%Name the Excel spreadheet
filename = input('\nEnter the file name to export sorted data.\n','s');
%Write an Excel spreadsheet, combine on sheet 1 and lable on sheet 2
xlswrite(filename, combine,1);
xlswrite(filename, label,2);
xlswrite(filename, COP_matrix,3);
xlswrite(filename, col_num, 4);

